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VISIT OF DELEGATION FROM 


LA SOCIETE DE CHIMIE BIOLOGIQUE 
ON THE OCCASION OF 
THE DISCUSSION MEETING ON 


‘THE CHEMICAL BASIS OF CELL STRUCTURE AND FUNCTION’ 


10 NOVEMBER 1945 
PROFESSOR R. A. PETERS, F.R.S., IN THE CHAIR 


At the commencement of the afternoon session of 
the Discussion Meeting, Professor René Fabre, 
Secrétaire Général de la Société de Chimie Bio- 
logique, as leader of the Delegation, addressed the 
assembly and, in the course of his speech, presented 
to the Society a Pasteur Medal bearing the inscrip- 
tion: 
La Société de Chimie Biologique 
A La Biochemical Society 
Témoignage D’ Amitié 
Le 10. xi. 45 


The Chairman accepted the medal on behalf of 
the Biochemical Society, and warmly thanked Pro- 
fessor Fabre for the token of friendship. 


Professor Fabre spoke as follows: 

‘Monsieur le Président, Mesdames, Messieurs, 
c’est pour moi un grand plaisir et une grande joie de 
vous apporter le salut trés cordial de mes collégues 
de la Société de Chimie Biologique et de vous assurer 
des sentiments d’amitié, d’admiration et de recon- 
naissance des biochimistes frangais. Pendant de 
longues et dures années d’oppression, nous avons 
été séparés de vous, mais grace 4 la B.B.C., nous 


suivions vos efforts et nous savions combien les 
savants anglais apportaient leur précieuse contribu- 
tion & la victoire commune. Dans le domaine de 
Vhygiéne alimentaire, dans le domaine de la théra- 
peutique, entre autres, vous avez su démontrer que 
les savants pouvaient ne pas demeurer dans leur 
tour @ivoire, et qu’ils pouvaient donner des avis 
judicieux et infiniment utiles. Vous avez su organ- 
iser vos efforts de facon a réaliser un travail d’équipe 
dont le rendement s’est avéré remarquable. De 
grand coeur, nous vous avons admirés et nous vous 
exprimons notre profonde gratitude. 

‘Depuis la libération de notre pays, nous avons 
pu reprendre nos amicales relations avec vous, et 
notre plus cher désir est de les intensifier de plus en 
plus. Déja des conférenciers anglais, MM. les Drs 
Knight et Synge, ont été applaudis par les bio- 
chimistes frangais et nous vous demandons de venir 
souvent nous exposer vos belles recherches. Nous 
vous invitons aussi trés cordialement & assister a 
tous les meetings de la Société de Chimie Biologique 
et & prendre part a l’élaboration et la discussion des 
rapports présentés. Nous conservons tous le sou- 
venir des exposés magistraux faits aux Congrés 
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d’avant guerre par les MM. les Professeurs Barger et 
Keilin, et nous souhaitons vivement pouvoir fré- 
quemment écouter et applaudir nos distingués col- 
légues anglais. 

‘Notre accueil sera amical, vous n’en doutez pas, 
et nous nous efforcerons de vous recevoir aussi bien 
que nous le permet l’époque difficile que nous 
traversons. 

“Nous voudrions aussi que nos éléves, les jeunes 
biochimistes pérennissant notre ceuvre de collabora- 
tion scientifique amicale et confiante, puissent venir 
profiter de vos enseignements dans vos laboratoires, 
ou ils prendront les legons les plus fructueuses. 
M. de Directeur de la Caisse Nationale de la Re- 
cherche Scientifique a fort bien compris l’importance 





de cette liaison et aidera certainement nos jeunes 
biochimistes 4 réaliser ce voeu qui nous tient & coeur 
et & repondre aux si aimables invitations que vous 
avez bien voulu déja nous faire. 

‘L’échange de nos idées, la confrontation des re- 
sultats de nos recherches, ne peuvent qu’étre utiles 
au développement scientifique et & celui toujours 
plus grand de l’affection qui unit les peuples anglais 
et frangais. 

‘Permettez-moi, M. le Président, de vous remettre 
au nom de la Société de Chimie Biologique, une 
médaille & l’éffigie de Pasteur pour commémorer 
notre réunion d’aujourd’hui. Je vous demande de 
la considérer comme le symbole de la gratitude et 
de l’admiration de vos amis de France.’ 
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The Fluorescence Spectra of Pterins and their possible Use in 
the Elucidation of the Antipernicious Anaemia Factor. Part 1 


By W. JACOBSON (Sir Halley Stewart Research Fellow), Strangeways Research Laboratory, Cambridge, 
AND DELIA M. SIMPSON, Department of Physical Chemistry, Cambridge University 


(Received 13 August 1945) 


The chemical nature of the antipernicious anaemia 
| factor stored in the liver is not yet established. But 
‘there is some indication that the argentaffine cells 

in the epithelium of the stomach and intestine are 

connected with the elaboration of this material, as 
they are found in those parts of the mucous mem- 
brane which are therapeutically active against per- 
nicious anaemia, and their number is reduced in 
cases of pernicious anaemia. There is evidence that 
these cells contain a pterin in their cytoplasmic 
granules (W. Jacobson, 1939). It has also been 
suggested that pterins may be connected with the 
formation of normal red blood cells. Thus Tschesche 

& Wolf (1936, 1937) could cure with xanthopterin 
an anaemia produced by feeding growing rats on 
goat’s milk; Simmons & Norris (1941) and Norris & 
Simmons (1945) cured anaemia in fish with xantho- 
pterin ; Totter, Shukers, Kolson, Mims & Day (1944) 
could delay the onset of nutritional anaemia in 
monkeys kept on a vitamin M-deficient diet by the 
injection of xanthopterin, and the rate of regenera- 
tion of red blood cells and haemoglobin was increased 
on administration of xanthopterin to dogs pre- 
viously made anaemic by bleeding (McKibbim, 

Schaefer, Elvehjem & Hart, 1942). Further, B. M. 
Jacobson & Subbarow (1937), and also Mazza & 

Penati (1937-8), have shown that pterin-like sub- 

stances may occur in liver extracts potent against 

pernicious anaemia, and xanthopterin itself has been 

isolated from the liver (Koschara, 1936). 

Xanthopterin, leucopterin and other pterins show 

intense fluorescence when irradiated with ultra- 
violet light; the argentaffine cells of the stomach and 
intestine, and liver extracts (active against per- 
nicious anaemia) also fluoresce under such condi- 
tions. It was therefore thought interesting to study 
the fluorescence spectra of synthetic pterins and 
to compare these spectra with the fluorescence of 
extracts prepared from the argentaffine cells of the 
mucous membrane of the stomach and intestine. 
The mucous membrane of these organs is known to 
contain the antipernicious anaemia factor. These 
resuits will be reported in the present paper. In a 
second communication the fluorescence spectra of 
liver preparations active against pernicious anaemia 
will be discussed and a possible method of assessing 
the clinical activity of such extracts by means of 
their fluorescence spectra will be suggested. 
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Previously (W. Jacobson, 1939) the properties of 
the substance present in the argentaffine cells have 
been discussed. The chemical reactions, absorption 
and fluorescence spectra were described, and all 
these seemed to suggest that a pterin was present. 
Since this paper was published, the chemistry of 
pterins has developed enormously through the work 
of Wieland, Purrmann, Koschara, Schépf and their 
collaborators. The literature includes descriptions of 
the synthesis of pure leucopterin (Purrmann, 1940) 
and xanthopterin (Purrmann, 19406; Koschara, 
1943; Totter, 1944) as well as an extensive dis- 
cussion of their constitutions and their relationships 
to other pterins. The information available, as far 
as it is relevant to the present work, is conveniently 
summarized in Table 1. 

The molecular formulae of leucopterin and xantho- 
pterin seem to be definitely established as C,H;0,N; 
and C,H,O,N, respectively. Their constitutions 
appear to be: 


NH—CO NH—CO 
oy 
HN -t | Ho HN=C C—NH—CO 
ie | a> | 
NH—C—NH—CO NH—C—N=—CH 
Leucopterin Xanthopterin 


or their tautomeric isomers. For this work the 
actual constitution is not highly relevant, but for 
convenience in discussion the above structures only 
will be considered, and are the basis of those shown 


in Table 1. 


EXPERIMENTAL PROCEDURE 


The fluorescence spectra were photographed by means of 
a Hilger wide-aperture glass spectrograph, with a quartz 
mercury vapour lamp as light source. The visible light was 
cut off with ultra-violet glass filters (either Chance’s or the 
more efficient Price’s glass being used) and with a $ cm. 
quartz cell containing 20% CuSO, solution. 

Solutions were contained in a 2 cm. quartz cell, the light 
being focused on to it by means of a quartz rod. The solid 
materials, powders or thin sections, were mounted on black 
paper with collodion. The light incident on and emerging 
from these specimens was focused with quartz lenses. Blanks 
showed that the amount of scattered light produced by the 
cell, mounts, solvents, etc., was negligible under the con- 
ditions of the experiments. 

If the slit was sufficiently narrow to separate clearly the 
components of the mercury yellow doublet, an exposure of 
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from 30 sec. to 10 min. was generally adequate for the 
solutions, but was increased to $ hr. or longer in some cases. 
The solids and sections needed at least 6 hr. and more 
usually 8 or 9 hr. for good photographs to be obtained. 

The absorption spectra were photographed by Dr Allsopp 
at the Strangeways Research Laboratory, using the standard 
Hilger Spekker-photometer apparatus. Dr Briick of the 
Solar Physics Observatory very kindly undertook to do 
photomicrometer tracings of the plates of all the interesting 
fluorescence spectra. The authors are grateful for this helpful 
collaboration. 

Pierins. Hopkins (1895) was the first to investigate the 
pterins. The synthesis of leucopterin and xanthopterin was 
effected by Purrmann (1940, b). It is interesting to note 
that already in 1908 Sachs & Meyerheim had prepared a 
number of compounds containing the same pterin ring 
system which they called azinpurin, long before the struc- 
tures of the pterins themselves were known. 

The following pterin preparations were available; the 
authors would like to express their gratitude to those 
persons who so kindly synthesized or extracted the speci- 
mens: 

Leucopterin, synthetic (Purrmann, 1940a). Dr Quibell, 
Department of Chemistry, Manchester University. 

Crude xanthopterin, from butterfly wings (Gonepteryx 
rhamni). Dr Lythgoe, Chemical Laboratory, Cambridge 
University. 

Xanthopterin, synthetic (Purrmann, 19406; four different 
preparations using various condensing agents). Dr Quibell; 
Dr F. G. Mann, Chemical Laboratory, Cambridge Uni- 
versity. 

Rhodopterin (Hopkins, 1941-2). Prof. Sir F. G. Hopkins, 
School of Biochemistry, Cambridge University. 

Leucopterin is a soft white powder, insoluble in water or 
dilute acid, but readily soluble in dilute alkali (0-1N- 
NaHCO, or 0-1n-NaOH), giving a very faintly yellow 
solution. 

In discussing the purity of the xanthopterin specimens, 
it should be remembered that this substance may be par- 
tially oxidized to leucopterin, even by atmospheric oxygen 
under suitable conditions, and that on treatment with dilute 
hydrochloric or sulphuric acid it tends to be changed into 
the red rhodopterin (Hopkins, 1941-2). The different xantho- 
pterin specimens varied in colour from lemon yellow to dull 
red-brown, those having the lighter colour being considered 
the purer. They were soluble in water, dilute acid (0-1N-HCl) 
and dilute alkali (0-1N-NaHCO, or 0-1N-NaQH), giving 
yellow solutions. On shaking with dilute hydrochloric acid 
some reddish residue always remained, which seems to be 
identical with the rhodopterin described by Hopkins. 
Probably all the specimens are to some extent contaminated 
with a little leucopterin; in addition, the darker coloured 
ones also contain rhodopterin, and possibly other substances. 


FLUORESCENCE AND ULTRA-VIOLET AB- 
SORPTION SPECTRA OF LEUCOPTERIN 
AND XANTHOPTERIN 


The absorption spectra of the above specimens were 
photographed, so that these could be checked 
against the previously published data. The results 
do not give absolute extinction coefficients, and so 
are not reproduced here, but the relative intensities 
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and positions of the maxima of absorption are 
discussed below. 

Ultra-violet absorption of leucopterin. Leucopterin 
in 0-1N-NaOH solution shows absorption maxima 
as follows: 


Fromherz & 3450A.(1) 2850A. (0-50) 
Kotzschmar (1938) 

Hiittel & 3350A. (1) 2870A. (0-56) 2400 (1-30) 
Sprengling (1943) 

Present investiga- 3400A.(1) 2850A. (0-45) 
tions 


The figures in brackets represent the intensity of 
absorption relative to that of the ~3400A. band. 
This method of comparison is necessary since all 
authors do not use the standard terminology for 
their extinction coefficients, nor are these always 
defined. The agreement is adequate; the third band 
did not show up in all cases because the absorption 
was not investigated at sufficiently short wave- 
lengths. Leucopterin has therefore distinctive bands 
at ~ 3400, 2850 and 2400A. One point should be 
stressed, the band at 2850 A. falls at the same wave- 
length as that of the most intense absorption of 
uric acid. It is quite conceivable that all the leuco- 
pterin specimens so far investigated contained this 
substance, and this possibility should always be 
taken into consideration. 

Fluorescence spectrum of leucopterin (Pls. 1, 2). 
The fluorescence spectrum of leucopterin was in- 
vestigated in alkaline solution and in the solid state. 
As observed directly, the fluorescing solution looks 
bright blue, and the solid bluish white. Attempts 
to get leucopterin into neutral solution failed, and 
no fluorescence was observed when the suspension 
in water at pH 7 was filtered and centrifuged to 
remove the finer particles. Uric acid in alkaline 
solution gives only a very faint blue fluorescence, 
and if present as an impurity in the leucopterin 
would not appreciably alter the character of the 
spectrum. 

The positions and relative intensities of the bands 
are shown in Table 1. In alkaline solution there are 
bands at 5160 (mod.) and 4625 A. (strong). The solid 
gives bands at 6200 (weak), 5350 (strong), 4625 
(mod.) and 4360A. (mod.). As all the bands are 
broad, the method of measuring the wave-lengths 
of their maxima is somewhat approximate, but there 
seems to be a genuine shift in the position and 
intensity of the most prominent band in the alkaline 
medium, possibly because salt formation occurs. In 
solution the weaker maxima are overlaid by the 
more intense scattering of the visible mercury lines. 

Leucopterin has been prepared from the wings of 
Pieris brassicae (Schépf & Becker, 1933). It seemed 
of interest therefore to photograph their fluor- 
escence under the same conditions as that of solid 
leucopterin. Using a very long exposure and a 
rather wide slit, the spectrum obtained was similar 
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to that of the solid leucopterin except that the band 
at about 4600A. was relatively more intense. 

Ultra-violet absorption of xanthopterin. The ultra- 
violet absorption spectra of several of the xantho- 
pterin specimens were investigated in neutral, dilute 
acid and dilute alkaline solution; the results are 
collected in Table 1. In alkaline solution there is a 
broad band at ~ 2550A., and a well-defined one at 
~3750A., the ratio of the intensities being about 
2-6: 1. In neutral solution the absorption maxima 
are at 2750 and 3750A., the first band is much 
sharper, and the ratio of intensities is about 3-0: 1. 
The curves for the acid solutions are similar to this. 
If the xanthopterin is contaminated with a little 
leucopterin, the latter being insoluble in neutral 
solution will not affect the absorption spectrum of 
the xanthopterin at pH 7, which may therefore be 
taken as standard. In alkaline solution, however, 
the very strong leucopterin band at 2400A. will 
broaden and enhance that of xanthopterin at 
2750A., an effect which is actually observed.’ 

The absorption spectrum of xanthopterin in alka- 
line (0-1 N-NaOH) and acetic acid solution has been 
published by Totter (1944). His curves show 
maxima at 2550 and 3750A. (relative intensity 
2-67) for the former and 2750 and 3800A. (relative 
intensity 3-2) for the latter. Wieland & Purrmann 
(1939) state that the pterin absorbs between 3950 
and 3750A. and Schépf, Becker & Reichert (1939) 
give a band at 2840-2750 A. The present results are 
in adequate agreement with the published data. 

Fluorescence spectrum of xanthopterin (Pl. 1). The 
fluorescence spectra of the different specimens of 
xanthopterin were photographed in the solid state, 
in neutral solution, in acid solution (20% H,SO,, 
N and 0-1 N-HCl, and 2.N-acetic acid), and in alkaline 
solution (0-1N-NaOH). A solution in formaldehyde 
was also investigated, as the argentaffine cell pre- 
parations had been fixed in formaldehyde, and it 
was thought advisable to make sure that this reagent 
had not modified the fluorescence. The solid xantho- 
pterin shows no fluorescence at all, even when very 
long exposures are employed. The solutions all 
fluoresce bright blue; this shows up best if the 
material is examined by ultra-violet light. If visible 
light is not excluded, the yellow colour of the solu- 
tion, particularly when acid is present, modifies the 
apparent colour of the fluorescence; this may ac- 
count for the variety of tints mentioned in the 
literature. 

The fluorescence spectra of the neutral, weak acid 
(2N-acetic acid, 0-1N-HCl) and formaldehyde solu- 
tions show a strong band at 4550A., and progres- 
sively weaker ones to longer wave-lengths at 5160, 
5920 and 6200A., the last being ill-defined. In 
strongly acid solution (N-HCl, 20% H,SO,) there 
are still four bands at 4600, 5230, 5920, and 6200A., 
but now 5230 is the strongest, and 5920 and 6200A. 
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are enhanced. When the solution is strongly acid, 
the position of the two shorter wave-length bands 
is markedly shifted, and there is a very obvious 
alteration in their relative intensities. In alkaline 
solution, the two most intense bands are at 5160 
and 4630A. The latter corresponds to that observed 
in leucopterin under these conditions; presumably 
the leucopterin is showing up, as in the ultra-vir let 
spectrum. 

The intensities discussed in the preceding para- 
graph are those observed when the paler coloured 
specimens of xanthopterin are used. But in neutral 
solutions of the reddish preparations the weak 
maxima at 5920 and 6200A. are suppressed. In 
strong acid solution the band at 5920A. is much 
stronger than those at 5230 and 4600A., possibly 
because the solutions now appear red, and some 
light absorption in the yellow and blue is taking 
place. 

It has already been suggested that the reddish 
specimens of xanthopterin may contain rhodopterin. 
This is quite possible as the methods of preparation 
involve the use of hydrochloric acid which favours 
its formation. The red residue left after shaking 
xanthopterin in dilute acid was therefore dissolved 
in 20 % sulphuric acid, in which rhodopterin is also 
soluble, and the absorption and fluorescence spectra 
of this solution were examined. The fluorescence 
spectrum was similar to that of a reddish xantho- 
pterin in strong acid solution, with bands at 4570 
(strong), 5230 (mod.), 5920 (fairly strong), and 
6200 A. (weak), the weakening of the 5230A. band 
being due to the pink colour of the solution. Ab- 
sorption bands were qualitatively observed at 5050 
and 5470A. For comparison a solution of rhodo- 
pterin in 20 % sulphuric acid was similarly investi- 
gated. This gives absorption bands at 5040 and 
5480 A., but shows no fluorescence at all. It seems 
probable, therefore, that the red residue consists 
mainly of rhodopterin, showing up in the absorption, 
but that it still contains appreciable amounts of 
xanthopterin, detectable in the fluorescence. It 
follows that the original reddish xanthopterin was 
probably contaminated with rhodopterin, which 
would not affect the fluorescence, except that the 
pink cdlour of the solution would alter the relative 
intensities of the bands. 

Although no absolutely pure specimen of xantho- 
pterin is available, the results listed in Table 1 for 
its absorption and fluorescence in neutral and acid 
solution are probably reasonably correct, as they 
are based on observations made on three different 
synthetic samples. 

The fluorescence shown by wings of the butterfly 
Gonepteryx rhamni, from which xanthopterin has 
been prepared, was also photographed. Although 
solid xanthopterin itself does not fluoresce, it was 
found that these wings produced a spectrum similar 
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to that of xanthopterin in strong acid solution, with 
the long wave-length bands prominent, and the 
yellow and blue ones weaker. This result is significant 
in the discussion of the results obtained with the 
argentaffine cells now to be described. 


ABSORPTION AND FLUORESCENCE SPEC- 
TRA OF THE ARGENTAFFINE CELLS IN 
THE GASTRO-INTESTINAL TRACT (PI. 2) 


The argentaffine cells in the mucous membrane of 
the stomach and the intestine are widely separated 
from each other, and represent only an exceedingly 
small proportion of the normal tissue. In these 
investigations small nodules about 4-5mm. in 
diameter, so-called ‘carcinoid’ tumours formed by 
argentaffine cells were used, since they provided a 
material consisting mainly of these cells. Two speci- 
mens of such nodules were available, one of which 
had been used in the previous investigations; both 
had been fixed in formaldehyde. Both had been 
treated for periods ranging from 24 hr. to several 
days with water, aqueous and absolute ethanol, 
benzene, hexane, cyclohexane, and dioxan. These 
solvents did not affect the specific granules of the 
argentaffine cells, but removed other material which 
might interfere with their fluorescence. 

The fluorescence spectra of both preparations 
were photographed, as well as that of the adjacent 
normal tissue of intestinal mucous membrane. The 
latter merely shows very weak bands at 4550 and 
5200A. Both specimens of the nodules of argen- 
taffine cells show a weak band at 4625 A., moderately 
strong bands at 5350 and 5920A., and some indica- 
tion of a less well-defined band at 6200 A. Hopkins 
(1941-2) mentions the ready solubility of xantho- 
pterin in ethylene glycol. The more recently acquired 
specimen was therefore extracted with ethylene 
glycol monoethyl ether in the hope that xantho- 
pterin if present would dissolve, and the fluorescence 
spectrum of the extract was photographed. It shows 
bands as follows: 4550 (strong), 5200 (fairly strong), 
5920 (mod.) and 6200A. (weak). All these results 
are included in Table 1. 

This extract of the nodule of argentaffine cells 
shows a spectrum almost identical with that of 
xanthopterin in neutral solution. The tissue itself 
shows a distribution of intensity such as might be 
obtained by superimposing the leucopterin and 
xanthopterin bands, with an enhancement of the 
5920 A. xanthopterin band, as in acid media. The 
general appearance of the spectrum is very similar 
to that of the wings of the yellow butterfly from 
which xanthopterin has actually been isolated. On 
the other hand, it should be remembered that solid 
xanthopterin gives no fluorescence, although this is 
shown by solid leucopterin. Evidence discussed 
previously (W. Jacobson, 1939) suggested that the 
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pterin is associated with a deoxy-sugar in the argen- 
taffine cells. Under such conditions a xanthopterin 
complex might fluoresce, just as it appears to do in 
the wings of the yellow butterfly. 

The ultra-violet absorption spectrum of the no- 
dules of argentaffine cells shows a band at 2700A. 
similar to that of xanthopterin at 2750 A. 

The possible presence of riboflavin in the argen- 
taffine cells has already been discussed (W. Jacobson, 
1939). The detailed chemical evidence given there 
seems to leave little doubt that the yellow substance 
responsible for the characteristic reactions of the 
argentaffine cells cannot be a flavin, as its range of 
stability in the presence of acids and irradiation is 
far too wide. Although the fluorescence spectrum 
of riboflavin has already been published (e.g. Dhéré, 
1937, p. 243) it was rephotographed so that a more 
exact comparison could be made with that of 
xanthopterin and the argentaffine cells. It shows a 
single broad band extending from 5800 to 5200A. 
(maximum at 5300A.). This band, although it lies 
in the same region of the spectrum as one of the 
xanthopterin bands, has a quite distinctive appear- 
ance which is easily recognized. Moreover, in contra- 
distinction to xanthopterin, the fluorescence of ribo- 
flavin is readily suppressed in N-acid solution. The 
fluorescence bands of the argentaffine cells do not 
show any of the characteristics of riboflavin emis- 
sion, so that its absence may be inferred, in agree- 
ment with the previous evidence. 

The previously published photomicrometer trac- 
ings of the fluorescence spectrum of the original 
nodule of argentaffine cells (W. Jacobson, 1939) 
showed the presence of two bands at 5550 and 
6100A., with an 8 hr. exposure and cooling of the 
tissue by means of a copper spiral the ends of which 
were placed in liquid air. The discrepancy between 
these results and those reported here, which are 
based on observations on two nodules of argentaffine 
cells (the old one used for the previous investigation 
and a second one), is difficult to explain. The back- 
ground scattering in the older photograph is very 
extensive and may possibly have shifted the appa- 
rent position of the maximum. In the new series of 
investigations the stray light has been almost com- 
pletely eliminated. 

As the argentaffine cells are normally widely 
scattered in the mucous membrane of the stomach 
and intestine the specific fluorescing material can 
be found in only low concentration in extracts of 
these tissues. A 0-1N-NaHCO, extract from the 
gastric mucosa shows the same fluorescence spec- 
trum, though very much weaker, as that of the 
nodules of argentaffine cells. Also the 50% ethanol 
soluble fraction prepared from that layer of the 
mucous membrane of the small intestine which 
contains the argentaffine cells, i.e. the layer of the 
crypts of Lieberkiihn, gives the same fluorescence 
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spectrum as that recorded above. Its intensity is 
considerably greater than that of the gastric mucosa, 
as the argentaffine cells in the crypts of Lieberkiihn 
of the small intestine after removal of the villi and 
separation from the other muscle coats, are much 
more numerous per unit area of tissue than in the 
gastric mucosa. Both gastric and intestinal mucosa 
contain the antipernicious anaemia factor (W. 
Jacobson & Williams, 1945). 

The chemical reactions and the ultra-violet ab- 
sorption and the fluorescence spectrum all indicate 
the presence of xanthopterin, probably as a com- 
ponent of a complex, in the argentaffine cells; leuco- 
pterin, obtained from it by oxidation, is also prob- 
ably present, as its characteristic bands are present 
in the fluorescence spectrum. 


PTERINS AND THE ANTIPERNICIOUS ANAEMIA FACTOR. I 9 
SUMMARY 


1. The fluorescence and ultra-violet absorption 
spectra of xanthopterin and leucopterin have been 
investigated. 

2. These spectra have been employed to investi- 
gate the nature of the specific material present in 
the cytoplasmic granules of the argentaffine cells of 
the mucous membrane of the stomach and intestine. 
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The Fluorescence Spectra of Pterins and their possible Use in 
the Elucidation of the Antipernicious Anaemia Factor. Part 2 
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AND DELIA M. SIMPSON, Department of Physical Chemistry, Cambridge University 


(Received 13 August 1945) 


In the preceding paper (Jacobson & Simpson, 1946) 
the fluorescence spectra of xanthopterin and leuco- 
pterin have been described. The fluorescence spectra 
of extracts of the mucous membrane of the stomach 
and intestine and of the argentaffine cells in these 
tissues were found to resemble, if not to be identical 
with, that given by xanthopterin. 


The present investigations were undertaken in an 
endeavour, first to identify the fluorescing material 
in tissue extracts, particularly liver extracts, which 
show antipernicious anaemia activity, and secondly 
to find whether there is any connexion between the 
intensity of the fluorescence and the haemopoietic 
activity. If the fluorescing substance could be iden- 
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tified, and if the intensity of the fluorescence could 
be correlated with the therapeutic effect, then these 
results should throw some light on the chemical 
nature of the antipernicious anaemia factor, and 
should provide a method for estimating it quantita- 
tively. Only complicated biological or clinical 
methods are at present available for determining 
the presence of the antipernicious anaemia factor 
(Jacobson & Williams, 1945). 


METHODS 


The same experimental technique as that described in the 
preceding paper has been used. The first part of the problem 
requires the investigation of the position of the fluorescence 
bands of preparations showing haemopoietic activity, the 
second, the determination of the relative intensities of the 
light emitted by the different extracts. The following method 
was adopted. One substance is chosen as standard, and 
used at a concentration cy. The fluorescence shown by this 
solution is photographed with a variety of exposure times. 
The fluorescence of any other material, at a concentration c 
in the same solvent, is similarly photographed. By com- 
paring the two plates, it is possible to say that the blackening 
produced at a given characteristic wave-length by the 
standard, with an exposure of f, sec., is equal to that given 
by the unknown, at the same wave-length, with an exposure 
of t sec. 

If the cell used is the same, and the intensity of the 
incident light remains constant, then 

logy (Io/Z) =n logo (t/to), 

where I,, J are the respective intensities of the fluorescent 
light emitted by the standard and the unknown solutions, 
at the wave-length under consideration, and n is the 
blackening coefficient of the plate. 

If the specific intensity of the fluorescence p is propor- 
tional to the concentration of the solutions, then 


I,=poto, I=pe, 

so that 10810 (PoCo/pc) =” logy (t/ty). 

In order to make the results strictly comparable, the values 
of c,, c should be expressed as molarities. If a convenient 
value of py is now chosen (say 10 or 100), the corresponding 
value of p may readily be calculated. In this connexion it 
should be noted that Koschara, Seipen & Aldred (1939) 
considered that the total intensity of fluorescence of pre- 
parations from urine was directly proportional to the 
amount of xanthopterin plus riboflavin present. Decker 
(1942), however, found that the intensity of leucopterin 
fluorescence did not vary quite linearly with the concen- 
tration, particularly at dilutions of about 1: 1,000,000. 
As a first approximation, it should be sufficiently accurate 
to assume a linear relationship. 


Accuracy 


The absolute accuracy of the following results is not very 
great, but the order of magnitude is certainly correct. The 
apparatus used did not permit the exactly repeatable aline- 
ment of the cell, and the plates taken with the different 
materials were made over a period of nearly a year. The 
accuracy could be improved by taking the following pre- 
cautions: 





(1) the light source should be controlled so as to ensure 
that the emitted radiation should have a reasonably con- 
stant intensity over a considerable period; 

(2) the cell should be more rigidly mounted, so that its 
alinement with are and slit is effectively unaltered after 
removal and replacement; 

(3) the spectra of standard and unknown solutions should 
be photographed on the same plate, to avoid errors caused 
by the variation of the sensitivity of the plates, or in the 
time and temperature of development; 

(4) the value of n, the blackening factor, should be deter- 
mined for each batch of plates used. 

Even so, difficulties would be encountered in dealing with 
dark-coloured solutions, because then the intensity of 
fluorescence tends to fall off markedly across the cell, as 
the irradiating and fluorescent light is absorbed by the 
medium itself. If the solutions are highly diluted (50-250 
times) in order to avoid this complication, then the ex- 
posure times have to be longer and the concentrations are 
so small that other errors are likely to be introduced. 

In calculating the specific intensity of fluorescence, the 
molecular weights of the fluorescing materials were assumed 
to be the same. This generalization was necessary, because 
the true values were quite unknown. If the fluorescence of 
all these preparations is really due to one or other of the 
pterins, as is suggested by the spectroscopic evidence, then 
perhaps this assumption is not quite so unjustifiable as it 
at first appears. The concentrations were expressed in 
mg./ml.; the specific fluorescence intensity of the standard 
was conveniently chosen to be 10. The value of n the 
blackening factor for the panchromatic plates used varies 
between 0-8 and 1-0. Since the actual value of n employed 
merely alters the numerical values, and not the relative 
values of the specific intensities, a mean of 0-9 was chosen. 
It is important to realize that this method of calculation 
can only be used in a comparative way, and that if the 
different preparations are listed in order of their intensity 
of fluorescence, then this order is of more significance than 
the actual figures, which are only approximate. 


RESULTS 
Fluorescence spectra of tissue extracts 


In the course of this work eighteen commercial and 
experimental liver extracts have been examined, as 
well as extracts from a nodule of argentaffine cells 
(described in the previous paper), and from the 
mucous membrane of the stomach and small in- 
testine, all of which are active against pernicious 
anaemia. The concentrated fractions T,, F,,, M; 
and N of liver extract were very kindly supplied to 
us by Dr Neuberger of the National Institute of 
Medical Research, Hampstead. The commercial 
extracts are designated by I-IX: these numbers 
correspond to those used by Jacobson & Williams 
(1945). The fluorescence as observed directly seemed 
to be blue, although this was sometimes masked by 
the colour of the solutions when these were inten- 
sively pigmented by brown colouring matter. The 
substances investigated may be divided into two 
groups, nearly colourless preparations which are 
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usually the most active clinically, and more or less 
highly coloured materials. The fluorescence spectra 
of the former in neutral solution are all of the same 
type (Pl. 3): they show two main bands, at about 
4650 and 5220A. between the mercury lines 4358 
(violet) and 5461A. (green). There are also weak 
bands at about 5920 and 6200A. The coloured 
materials, mostly commercial liver extracts, show, 
when examined in N-acid solution, fluorescence of 
the same type as that produced by the nearly 
colourless preparations. In neutral solution they 
give an intense yellow band extending from 5200 
to 5800A. (maximum at 5300A.), and a weaker 
band at about 4650 A. The shape and position of the 
former corresponds exactly to the band given by 
riboflavin in this region, and its intensity, as with 
riboflavin, is considerably reduced on addition of 
n-hydrochloric acid. Thus the coloured liver pre- 
parations seem to contain a mixture of the fluor- 
escent material present in the first class of extracts 
with considerable quantities of riboflavin. 


Nature of the fluorescent materials 


The nature of the fluorescent material (other than 
riboflavin) present in all these extracts should now be 
considered. In this connexion pyrimidine deriva- 
tives and aneurin (vitamin B,) which might possibly 
occur in the extracts, were spectroscopically ex- 
amined. Alloxan, hypoxanthine, adenine and aneurin 
showed no fluorescence in neutral or alkaline solu- 
tion. Uric acid and guanine gave weak bands near 
the mercury line at 4358 A. in alkaline solution only. 
None of these substances can therefore be respon- 
sible for the characteristic bands observed. The 
intensity distribution and position of the strong 
bands correspond most closely to those obtained 
with leucopterin but the spectrum might well be 
given by a mixture of leucopterin and some xantho- 
pterin. Details of the fluorescence spectra of the 
other known pterins are not available except that 
of ichthyopterin, which can definitely be excluded. 

On the whole from the above evidence, it seems 
possible that leucopterin or some closely related 
pterin is mainly responsible for the fluorescence. 
Leucopterin itself is insoluble in neutral or weak 
acid solution, but the emission from the extracts 
still appears under these conditions. This does not 
necessarily exclude leucopterin as the fluorescent 
material, as it might be present in colloidal sus- 
pension, or in combination with other molecules. 
If pure leucopterin is shaken with water, and the 
suspension is filtered, the resulting clear liquid still 
shows a marked fluorescence, which is only removed 
after prolonged centrifuging. Substances capable of 
protecting such a suspension, and rendering it stable 
over the range of pH used in these experiments, are 
likely to be present in the liver extracts examined. 
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Attempts to show that leucopterin or some similar 
pterin was present in combination, were not con- 
clusive. The commercial extracts II and VI were 
heated with N-hydrochloric acid or N-sodium hydr- 
oxide at 60°, i.e. under conditions which should 
have been favourable to hydrolysis. The chief result 
of this treatment was partial coagulation leading to 
increased background scattering, making the photo- 
graphs very difficult to interpret. No definite change 
in intensity of fluorescence could be observed. 

The presence of leucopterin, or a similar pterin, 
in liver extracts is interesting, as previously leuco- 
pterin itself has only been found in the wings of 
butterflies. That the same compound together with 
xanthopterin should also occur in extracts of the 
stomach and intestinal mucosa is of considerable 
significance, since both types of tissue extract have 
therapeutic activity against pernicious anaemia. 


Haemopoietic activity of tissue extracts 


Two methods are available for assessing the 
haemopoietic activity of liver, stomach and intes- 
tinal preparations, or of the pterins themselves; 
first the therapeutic action in cases of pernicious 
anaemia, and secondly the animal test (Jacobson 
& Williams, 1945). The results which have been 
obtained are shown in Table 1; not all the substances 
which have been examined spectroscopically were 
tested by both methods. 


(1) Liver extracts 

Liver extract T, has been tested clinically elsewhere in 
5 mg. dosage, which produced a good, but not maximum 
response; the same dose gave a maximum response in the 
animal test. 

Liver extract F,,. This preparation gave a reticulocyte 
rise in a case of pernicious anaemia of from 0-5 to 14% on 
the fifth day after an intramuscular injection of 17 mg.; 
a rise of haemoglobin of from 55 to 76%, and a rise of red 
blood cells of from 2-2 to 3-49 million/ul. were observed 
8 days after the injection. This represents a maximum 
response. A nearly maximum reticulocyte peak was pro- 
duced by 5 mg. in the animal test. 

Liver extract M, was a fraction considerably less purified 
than 7’, or F,,. Ina case of pernicious anaemia with 37% 
haemoglobin and 1-41 million red cells/ul., 28 mg. given 
intramuscularly produced a rise in haemoglobin to 45% 
and in red blood cells to 1-75 million/ul. within 8 days 
after the injection, and the reticulocytes reached a peak of 
10-2% on the fifth day. Thus it can be concluded that 
extract M, is less than half as active as F,,. 

Liver extract N. In a clinical test, doses of 13-5, 18 and 
35 mg. (total amount 66-5 mg.) were given to a pernicious 
anaemia case over a period of 24 days. The number of red 
cells had risen from 2-51 to 3-30 million/pl. after 35 days 
(i.e. 11 days after the last injection) with a corresponding 
increase of haemoglobin from 58 to 77%. A dose of 11-5 mg. 
injected intramuscularly into a splenectomized rabbit pro- 
duced submaximum reticulocyte peaks. It can be con- 
cluded that this fraction was not as potent as M,, nor was 
it as effective as extract III described below. 
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intensity of fluorescence, and biological activity of extracts of liver and intestinal mucosa 











Specific Approx. 
intensity % of 
Material and of fluor- active Animal tests: Clinical tests (maximum response 
solvent Colour escence material reticulocyte rise unless otherwise indicated) 
Leucopterin, White 19-03 (100) 2-5 and 0-8 mg. sub- Not tested 
0-1n-NaOH maximum response 
T,, water White (10-0) 52-5 5mg. maximum re- 5 mg. good, but not maximum, response 
sponse 
F,,, water White 5-68 29-8 5 mg. nearly maxi- 17 mg. gave a reticulocyte peak of 14% 
mum response (5th day); haemoglobin 55-76%, red 
blood cells 2-23-49 x 108/ul. (8th day) 
M,, water Faint 3-27 17-2 Weaker than F,, 28 mg. gave a reticulocyte peak of 10-2% 
yellow (5th day); haemoglobin 37->+45%, red 
blood cells 1-41 — 1-75 x 10®/ul. (8th day). 
Not a maximum response 
70%, ethanol soluble White 2-59 13-6 6mg. submaximum Not tested 
extract of intestinal response 
mucous membrane, 
water 
III, water or n-HCl Yellow 1-18 6-1 50 mg.submaximum 50 mg. gave a reticulocyte peak of 15-:1% 
response (5th day), with 1:5x10® red blood 
cells/ul. (maximum 25%) 
N, water or N-HCI Yellow 0-93 4-9 11-5 mg. submaxi- 66-5 mg. in 24 days. After 35 days 
mum response haemoglobin 58-77%, red blood cells 
2-51 + 3-30 x 108/yl. 
II, water or N-HCl Faint 0-85 4-5 200 mg. maximum 135 mg. said to give maximum clinical 
brown response response; 100 mg. nearly maximum re- 
sponse in 10 days with an increase of 
70,000/ul. red blood cells per day 
I, water or N-HCl Dark 0-81 4:3 135 mg. maximum 135 mg. gave a reticulocyte peak of 
brown response 30-2%, for a case with 25% haemo- 
globin and 1-02 x 10° red blood cells/pl. 
VI, water or N-HCl Faint 0-79 4-1 200 mg. produced a_ Clinical response unsatisfactory in doses 
brown response similar to of 135 mg. 
50-80 mg. of I 
VII, water or n-HCl Yellow 0-008 0-42% Not tested 100 mg. No effect clinically; minute reti- 
: culocyte peak 1-2% (maximum 20%) 
IV, water or n-HCl Yellow 0-007 0-39% 120mg. no signifi- Satisfactory clinical response with 400mg. 


Liver extract I. 2 ml. of this commercial extract, equi- 
valent to 135 mg., produced on the fourth day a reticulocyte 
rise to 30-2% in a case of pernicious anaemia with 25% 
haemoglobin and 1-02 million red blood cells/ul., this re- 
presents a maximum response. In the animal test the same 
dose gave a maximum reticulocyte peak. 

Liver extract IT produced a maximum clinical response in 
a dose of 135 mg. Within 10 days after the intramuscular 
injection the haemoglobin rose from 48 to 63%, and the 
red cell count from 1-75 million to 2-64 million/ul., with a 
reticulocyte peak of 21-8% on the sixth day after the 
injection. In a splenectomized rabbit this dose produced 
a maximum reticulocyte response. 

Liver extract ITI. Ina case of pernicious anaemia with an 
initial red cell count of 1-5 million cells/ul., 50 mg. produced 
a reticulocyte peak of 15-1% on the fifth day, which was 
less than a maximum response of 20-25%. The same dose 
gave a submaximum response in the splenectomized rabbit. 

Liver extract IV. This extract is known to produce a 
satisfactory clinical response in doses of 400mg. In a 
clinical case cf pernicious anaemia with 1-82 million red 
cells/ul., 120 mg. failed to produce a rise in red cells and 


cant response 





showed an insignificant rise in reticulocytes of 3-5% 
(maximum response ~20%). In the animal test 120 mg. 
did not give a significant response. 

Liver extract VI. This was a batch of extract I which 
for unknown reasons failed to produce a satisfactory clinical 
response in a dose of 135 mg. In the animal test 200 mg. 
of this extract produced a response which was comparable 
to that of 50-80 mg. of extract I. 

A number of less concentrated liver extracts were also 
investigated; in these the antipernicious anaemia factor is 
present in such low concentrations that, for example, a 
100 mg. dose of extract VII given intramuscularly to a case 
of pernicious anaemia with 1-62 million red cells/ul. did 
not show any effect on the reticulocytes. 


(2) Stomach and intestinal preparations 


The antipernicious anaemia factor is elaborated in the 
mucous membranes of the stomach and intestine, being 
probably located in the scattered argentaffine cells. Its 
concentration must therefore be very low in stomach and 
intestinal preparations, so that clinical activity is only 
observed in cases of pernicious anaemia when doses of the 
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order of 10 g. dry matter daily are given for 10-14 days. 
Alcoholic fractionation of extracts prepared from the intes- 
tinal mucous membrane showed that the 70% ethanol 
soluble fraction was most active. In the animal test, doses 
of 6 mg. produced a submaximum response. 


The relationship between intensity of 
Jluorescence and haemopoietic activity 


The results of the calculations of the specific 
intensity of fluorescence are also shown in Table 1. 
The standard chosen for this table was the prepara- 
tion 7',, which was colourless and had the highest 
specific intensity of fluorescence observed in these 
extracts. When the unknown preparation was not 
pigmented it was matched with the standard on 
both the characteristic bands, i.e. at 4650 and 
5200 A. But when dealing with pigmented materials 
matching was confined to the 4650 A. band only, or 
alternatively the riboflavin fluorescence was sup- 
pressed by the addition of N-hydrochloric acid when 
both bands were usable. The results obtained by 
these two last methods agree within the experi- 
mental error. This procedure seems to work quite 
well for those materials which have considerable 
activity T',, F',, and M,, and for the best commercial 
extracts, for example II, III, IV and VII; but is 
less satisfactory for the weaker commercial prepara- 
tions, and for the unfractionated extracts of the 
gastric and intestinal mucous membranes (which 
contain only a low concentration of active material). 
Possibly this is because the more highly active pre- 
parations are also the least pigmented, and so the 
results are less likely te be in error because of light 
absorption by the solution itself. Only a faint 
fluorescence was observed in some of the strongly 
pigmented commercial preparations, e.g. VIII, 
while some such as V, showed hardly any fluor- 
escence unless they were considerably diluted (1:50 
or 1:250) to minimize the interfering effect of the 
dark colouring matter. 


In dealing with the dark brown liver extracts it was 
found useful to compare the relative intensities of their 
fluorescence by taking the spectra on one plate. For 
example, of three dark brown extracts to be analyzed, one 
contained 166 mg. dry matter/ml. (extract IX), the two 
others each 40 mg./ml. (extract VIII). Dilutions were pre- 
pared as follows: extract IX 1 : 250, i.e. 0-66 mg./ml. and 
the two batches of extract VIII 1 : 50, i.e. 0-8 mg./ml. The 
intensity of the fluorescence spectrum of IX photographed 
with a 2 hr. exposure was very little fainter than that pro- 


duced with a 5 hr. exposure of the two extracts VIII. As. 


a 166 mg. dose of extract TX had a clinical activity corre- 
sponding to a 400 mg. dose of the two samples of VIII, 
the clinical and spectroscopic results were in good agreement. 


Presence of faint fluorescence may thus be corre- 
lated with activity in large doses and there is no case 
where the clinical observations are in disagreement 
with the observed intensities. 
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For the purposes of comparison leucopterin is 
included in Table 1. It is seen that leucopterin has 
considerable activity as measured by the animal 
test; xanthopterin also is active under these condi- 
tions. It is difficult to test the effect of leucopterin 
on patients suffering from pernicious anaemia 
directly as this pterin is nearly insoluble in suitable 
media; xanthopterin is not active in clinical cases. 
It is possible that leucopterin would also have no 
effect on cases of pernicious anaemia, as the pterin 
component is probably only part of the complex 
molecule which is the antipernicious anaemia factor. 
The animal can apparently utilize pterins as such 
to build up the haemopoietic factor (Jacobson & 
Williams, 1945) but the human body is unable to 
do so. 


DISCUSSION 


If the characteristic fluorescence bands of the tissue 
extracts, apart from that produced by riboflavin, 
arise from one substance only, an assumption which 
seems justifiable in view of the constant position of 
these bands and the absence of any definite back- 
ground fluorescence, then the specific intensity of 
fluorescence should be proportional to the concen- 
tration of this particular material, at least to a first 
approximation. If the fluorescence is indeed pro- 
duced by leucopterin itself as part of a complex, 
then the specific intensity of fluorescence for this 
compound is already known so that it is immediately 
possible to calculate its concentration in any of the 
preparations. The figures so obtained are given in 
Table 1, expressed in percentage form. They repre- 
sent an order of magnitude only, as the experimental 
conditions were not sufficiently rigidly controlled. 

In Table 1 the order of specific intensity of 
the characteristic fluorescence of the more potent 
preparations is compared with the haemopoietic 
activity as observed clinically and experimentally. 
In making this comparison, some latitude is neces- 
sary in interpreting the data. The biological findings 
suffered from the defect that they could not all be 
obtained on one subject, nor were they the average 
of a large number of experiments, as only a few 
clinical cases were available for this purpose. 

The important point to observe about the results 
is that the intensity of fluorescence and the haemo- 
poietic activity of these preparations run parallel, 
greater intensity being associated with higher ac- 
tivity, and vice versa. This generalization would 
suggest that the fluorescence and the haemopoietic 
activity of the materials are due to the same sub- 
stance—the antipernicious anaemia factor. Since 
the fluorescence can be attributed to leucopterin or 
to some closely related pterin with a similar spec- 
trum, this would further imply that the antiperni- 
cious factor contains such a molecule in its structure, 
probably linked to at least one other group. In any 
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attempt to isolate the antipernicious anaemia factor 
the intensity of fluorescence in the 4650 and 5220A. 
regions might be used to estimate the haemopoietic 
activity provided that the active molecule had not 
been broken up in the process of concentration. 
However, as the factor is heat stable this is very 
unlikely and no evidence for such a splitting has 
been found by the authors. The true values for the 
percentage of active material in any given prepara- 
tion cannot be estimated with certainty until the 
chemical nature of the active substance has been 
established, and until it has been shown exactly 
how the intensity of fluorescence and the haemo- 
poietic response vary with the concentration of 
active material. 


SUMMARY 


1. The fluorescence spectra of a number of pre- 
parations containing the antipernicious anaemia 
factor have been investigated. 

2. The spectra have been used (a) to investigate 
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the nature of the fluorescent material, (b) to obtain 
a correlation between the clinical activity and the 
intensity of the characteristic fluorescence. 

3. This method might be used to assess the 
clinical activity of purified liver extracts. 
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Preparation of a Fluorescent Substance from the Eye of the Dogfish, 
Squalus acanthias 


By ANTOINETTE PIRIE, Nuffield Laboratory of Ophthalmology, Oxford, 
AND DELIA M. SIMPSON, Department of Physical Chemistry, Cambridge 


(Received 14 August 1945) 


v. Euler & Adler (1934) noticed that an ethanol 
extract of the combined retina and choroid from 
certain fishes fluoresced a brilliant blue. At that 
time they were principally interested in the distri- 
bution and function of free riboflavin in fish retinas 
and considered that the blue-fluorescent material 
was related to riboflavin though they did not decide 
whether it occurred naturally or was a breakdown 
product formed during extraction. They found that, 
unlike lumichrome, the blue fluorescing substance 
formed by irradiation of riboflavin in weak alkali, 
the material from fish eyes was not soluble in chloro- 
form. Other workers have described blue-fluorescent 
extracts obtainable from the eyes and from the skins 
of fish and other animals. Table 1 gives a list of those 
animals which have such fluorescent substances in 
their eyes. Gourevitch (1938 a,b), working with 


the eyes of the carp Cyprinus carpio, studied the 
effect of change of pH and of oxidizing and reducing 


Table 1. List of animals with blue-fluorescent 
substances in their eyes 


Crustaceans. Carcinus maenas (shore crab). Astacus fluvia- 
tilis (crayfish). Crangon vulgaris (shrimp). 

Fish. Squalus acanthias (dogfish). Ethmopterus spinax 
(luminous deep-sea shark). Raia naevus (ray). Ceto- 
rhinus maximus (basking shark). Labrus exoletus (wrasse). 
Lophius piscatorius (angler fish). Amiurus catus (catfish). 
Rhombus maximus (turbot). Merluccius vulgaris (hake). 
Labrus mixtus (wrasse). Pagellus mormyrus (sea bream). 
Pleuronectes platessa (plaice). Clupea harengus (herring). 
Gadus merlangus (whiting). Cyprinus carpio (carp). 
Carrassius auratus (goldfish). Salmo trutta (sea trout). 
Alosa vulgaris (shad). Tinca vulgaris (tench). 

Amphibians. Rana temporaria (frog). Rana catesbiana 
(bull frog). 

Reptiles. Alligator mississipiensis. 

References: v. Euler & Adler (1934); Wald (1935); 

Gourevitch (1938a); Fontaine & Busnel (1939); Authors’ 

observations. 
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substances on the fluorescence. He concluded that 
the blue fluorescence could not be due to a flavin as 
it was not quenched in dilute alkali, merely changing 
from pure blue to green-blue in colour. No detailed 
chemical work was done either with the material in 
the eye or in the skin until Hiittel & Sprengling 
(1943) isolated a blue-fluorescent pterin from the 
skins of various cyprinids from Lake Constance. 
They named this substance ichthyopterin, and from 
its reactions and ultra-violet absorption spectrum, 
they considered that it was related to 8-deoxy- 
leucopterin, an isomer of the widely occurring 
9-deoxyleucopterin or xanthopterin. 

The aim of the experiments described in this paper 
has been to identify the blue-fluorescent material 
found in the eye. A survey of fish caught at the 
Scottish Marine Biological Station in June 1943 
showed that the eyes of several commonly occurring 
species gave 50% ethanol extracts with brilliant 
blue fluorescence. The eye of the dogfish, Squalus 
acanthias, was chosen for further study as a regular 
supply was obtainable through the co-operation of 
the Director. 

Preliminary experiments showed that the fluor- 
escent material was largely confined to the choroid, 
though there may be traces in the iris. The retina 
could easily be removed from eyes fixed in 70-95 % 
ethanol and yielded an extract very weakly fluor- 
escent in any solvent, while a 50 % ethanol or dilute 
ammonia extract of the choroid showed a brilliant 
fluorescence. The choroid of the dogfish and most 
other elasmobranchs is differentiated into a tapetum, 
described in detail by Walls (1942). The pigment 
epithelium of the retina is devoid of pigment and 
the choroidal cells immediately backing this are 
filled with large crystals. Between these crystal- 
containing cells run processes from the melanin- 
containing choroidal cells beneath. The cell processes 
containing the melanin can be retracted or extended 
and the crystals and melanin are thought to act as a 
reflecting device, the melanin occluding the crystals 
when the light is strong and leaving them uncovered 
when it is dim. The crystals were first examined by 
Kiihne & Sewall (1880) and were identified with 
guanine. Sections of the dogfish eye, examined 
under polarized light, showed the crystals neatly 
arranged in a single layer of cells. 


PREPARATION OF EXTRACTS 
FROM THE EYE 


The eyes were fixed in 97% methanol or ethanol. 


as soon as possible after the death of the fish. After 
some days’ or weeks’ fixation, the eyes were cut in 
half equatorially, the lens and vitreous remained 
adherent to the iris and cornea and the retina was 
removed from the posterior half by brushing it out. 
Sections showed that all layers of the retina in- 
cluding the pigment epithelial layer were removed 
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by this method. The tapetum then appeared like a 
layer of silver paper lining the eyeball,’ backed by 
the black pigment of the choroid. The tapetum and 
choroid could be partly brushed and partly cut off 
the sclera. The material was then dried in vacuo and 
ground finely in a mortar. 5g. dried choroid were 
obtained from approximately 100 eyes. 


GENERAL PROPERTIES OF THE 
FLUORESCENT MATERIAL 


Solubility. Fluorescent solutions were obtained 
by extracting the dry choroid with hot water, hot 
ethylene glycol, cold 0-5n-NH,OH, 0-1N-NaOH, 
n-HCl, n-H,SO,. The material was more soluble in 
hot water and hot ethylene glycol than in cold. 
Although it was only slightly soluble in 50 % ethanol 
such solutions showed a sky-blue fluorescence; it 
was quite insoluble in chloroform. The extracts were 
clear yellow in colour after removal of the choroidal 
debris and pigment by centrifuging. 

Precipitation reactions. The fluorescence and the 
yellow colour of the extracts could be removed by 
precipitation with ammoniacal silver nitrate and 
decomposition of the silver precipitate with hydro- 
chloric acid gave a yellow solution. The fluorescence 
and colour could also be removed by precipitation 
with palladous chloride, which Gulland & Macrae 
(1932) describe as a precipitant for purines, but no 
fluorescent material could be recovered from the 
palladium complex by treatment with freshly pre- 
cipitated silver oxide which liberates the purines. 

The fluorescent substance was gradually precipi- 
tated from slightly acid solution as a yellow-orange 
flocculent precipitate. It was strongly adsorbed on 
other precipitates which appeared in the solution. 
Guanine and guanine hydrochloride always carried 
down considerable amounts of fluorescent material. 

Fluorescence. A water solution gave a sky-blue 
fluorescence. In dilute sodium hydroxide this 
changed to a greenish blue and in acetic acid to a 
greenish yellow. In strong acid and in concentra- 
tions of NaOH above n the fluorescence practically 
disappeared. 

These general properties correspond with those of 
a pterin. Leucopterin, the white pigment from 
butterfly wings described by Schépf & Wieland 
(1926), is excluded as it is insoluble in hot nN acid, 
and Decker (1942) has shown that its fluorescence 
is greatest in 5N-NaOH. The material from fish eye 
is more like xanthopterin, the yellow pterin isolated 
from butterflies by Wieland & Schépf (1925), which 
Koschara (1942) has recently identified in human 
urine. Xanthopterin is soluble in acids but is pre- 
cipitated about pH 4-0 and, like the material from 
fish eye, its fluorescence diminishes in NaOH of 
concentration greater than N (Decker, 1942). Isola- 
tion of the fluorescent material in amounts sufficient 
for analysis and determination of the ultra-violet 
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absorption and fluorescence spectra was therefore 
attempted. 


ISOLATION OF GUANINE AND 
FLUORESCENT MATERIAL 


The isolation was complicated by the presence of 
large amounts of guanine and possibly some other 
purines* in the tapetum. Attempts were made to 
prepare extracts free from purines by extracting 
the choroid with hot ethylene glycol as described by 
Hopkins (1941-2), but such large volumes had to 
be used to extract the fluorescent material that no 
precipitation took place either on cooling or on the 
addition of acetone. Hot water extracts were also 
unsatisfactory as here again large volumes were 
necessary and some purines were extracted at the 
same time. 

The best results were obtained by extracting 5g. dry 
choroid (obtainable from 100 eyes) with ether, then cold 
water and then 200 ml. n-H,SO, at room temperature for 
24 hr. After centrifuging off the choroidal debris the clear 
yellow supernatant was brought to pH 5 with NaOH and 
saturated sodium acetate. A heavy precipitate came out 
almost at once, this was centrifuged off and treated with 
a small volume of hot 2N-HCl and centrifuged again. The 
dark insoluble residue was discarded and the bright orange 
yellow supernatant solution allowed to cool. A bulky 
crystalline precipitate came down. The solution was left in 
ice for 2448 hr. to complete precipitation and then the 
crystals were centrifuged off. Both the supernatant solution 
and the crystals were yellow to orange in colour but by 
repeatedly dissolving the crystals in hot 2N-HCl, with im- 
mediate centrifugation to remove insoluble material, and 
recrystallization on cooling, the yellow colour was lost and 
needle crystals of a very pale yellow were obtained. These 
showed only faint blue fluorescence in dilute alkali and were 
identified as guanine hydrochloride. They were converted 
to guanine (Found: C, 39-0; H, 3-5; N, 45%. Cale.: 
C, 39-0; H, 3-0; N, 463%) and they were distinguished 
from guanopterin (Schépf & Becker, 1936a) which Purrmann 
(1940) identified with isoguanine, by conversion to xanthine 
by treatment with sulphuric acid and sodium nitrite. Spies 
(1939) showed that isoguanine does not yield xanthine by 
this method. From 20 mg. of the guanine preparation were 
obtained 16 mg. of a substance that gave a crystalline 
perchlorate, m.p. 258-260°, uncorr. (xanthine perchlorate, 
262-264°; Biltz & Beck, 1928). Xanthine, precipitated from 
a solution of this perchlorate, decolorized methylene blue 
in the presence of partly purified milk xanthine oxidase. 

When the yellow supernatant solution from the crystalline 
guanine hydrochloride was brought to pH 3-5-4-5 with 
sodium acetate a turbidity appeared and on standing in 
the ice-chest a yellow orange flocculent precipitate came 
down leaving a pale yellow supernatant liquid which showed 
less intense fluorescence. The precipitate was centrifuged 
off, redissolved in a small volume of hot 2N-HCl and allowed 
to stand in ice overnight. A small deep red residue usually 


* Hot water or dilute ammonia extracts decolorized 
methylene blue in the presence of milk xanthine oxidase. 
The substance responsible for this could be largely separated 
from the fluorescent material. 
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remained insoluble and in some cases a small crop of 
guanine hydrochloride crystals separated. These were cen- 
trifuged off and the supernatant solution was again brought 
to pH 3-5—4-5 with sodium acetate and the precipitate 
allowed to settle in the ice-chest. The precipitate was 
washed several times with ice-cold water on the centrifuge 
and was then frozen and dried. The weight obtained from 
5 g. choroid was, in one case, 11-8 mg. 


Analysis of fluorescent material. The analytical 
figures for the material from the dogfish eye are 
very similar to those given by Hiittel & Sprengling 
(1943) for ichthyopterin from fish skin. Determina- 
tion of the nitrogen content of pterins is generally 
acknowledged to be difficult (Hopkins, 1941-2; 
Koschara, 1942), the ordinary Kjeldahl and Dumas 
methods of estimation giving low and variable 


results. 
N% 


27-1-28-1 


H% 
4-0-4-6 


C% 
Ichthyopterin (Hiittel 42-3-43-6 
& Sprengling, 1943) 
Dogfish eye substance 
(present work*) 
Xanthopterin cale. 40-2 39-1 
* Estimations carried out by Dr Weiler. Dumas method 
used for N. 


39-4 4-4 27-2 


2-8 


PROPERTIES OF PURIFIED MATERIAL 


The substance from dogfish eye is unlike ichthyo- 
pterin in its properties. The latter, like 8-deoxy- 
leucopterin, is precipitated as almost colourless 
crystalline needles when a solution in 0-5nN-NaOH 
is poured into hot N-HCl solution; Wieland, Tartter 
& Purrmann (1940) separated 8-deoxyleucopterin 
from leucopterin in this way. Leucopterin precipi- 
tates from the hot acid and on cooling 8-deoxy- 
leucopterin separates while xanthopterin stays in 
solution. The substance from dogfish eye is soluble 
in cold n-acid. Furthermore, 8-deoxyleucopterin 
and ichthyopterin liberate iodine from fuming 
hydriodic acid, and on dilution with water the 
iodine is reduced and the substances are reprecipi- 
tated. Xanthopterin and the substance from dogfish 
eye liberate iodine from fuming hydriodic acid but 
they are not reprecipitated on dilution. 

In both these tests the eye substance behaves like 
xanthopterin and unlike ichthyopterin. Schépf & 
Becker (1936 6) have described micro tests to identify 
the different pterins, and in an attempt to identify 
the eye substance more closely these tests were 
applied to the preparation already described, and 
to a sample of synthetic xanthopterin which was 
very kindly given to us by Dr F. G. Mann (Cam- 
bridge). Xanthopterin is characterized by yellow 
fluorescence in 0-5N-acetic acid, by adsorption on 
alumina from a solution in 0-01% HCl in methyl 
alcohol as a small yellow band showing yellow-green 
fluorescence, and by weak red fluorescence in 20 % 
H,SO,. Xanthopterin and the fish eye material 
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behaved in the same way in all three tests. The 
fluorescence of both in 0-5N-acetic acid was yellow 
tinged with green, possibly because the filter for the 
ultra-violet lamp passed some visible light. Fluor- 
escence in 20 % H,SO, was weak, red and transient 
in both cases. The xanthopterin band on alumina 
was well shown by the fish eye material though 
another brown-red component seemed also to be 
present. 

This evidence appeared to point to the presence 
of xanthopterin in the eye material, but as the 
analytical figures were very unsatisfactory an at- 
tempt was made to purify the material precipitated 
at pH 4-5 by dissolving it in weak alkali and repre- 
cipitating with CO,. Synthetic xanthopterin thus 
treated yields a faint cloud which, after standing 
some time in the ice chest, is replaced by a flocculent 
orange precipitate. 


6 mg. of the material from the dogfish eye were dissolved 
in a few ml. 0-1N-NaOH and CO, was bubbled through the 
solution. From the solution kept overnight in ice a floc- 
culent precipitate settled. This was centrifuged, washed 
several times with ice-cold water, frozen and dried. The 
weight was 1-6 mg. (prep. 120). The supernatant solution 
from which this precipitate had separated was still bright 
yellow and strongly fluorescent. After the addition of acetic 
acid to pH 4-5 the solution kept in the ice-chest overnight 
deposited a flocculent orange precipitate, leaving a colourless 
solution. This precipitate appeared very similar to that 
produced by CO, but was darker in colour. It also was 
centrifuged off, washed, frozen and dried: weight 1-4 mg. 
It was combined with another similar fraction giving a 
total weight of 3-2 mg. (prep. 135). 


Schépf & Becker (1936) have described the small- 
scale preparation of the crystalline barium salt of 
xanthopterin and an attempt was'made to prepare 
this from part of preparations 120 and 135, but only 
amorphous preparations were obtained. Solution 
of the amorphous precipitate in hot 0-1N-Ba(OH), 
followed by slow cooling as suggested by Schépf & 
Kottler (1939) again gave an amorphous precipitate. 
The pigment could be recovered from this, either by 
solution in HCl and precipitation at about pH 4-0, 
or by treatment with H,SO,, removal of the BaSO, 
precipitate, followed by precipitation of the pigment 
at pH 4-0 from the supernatant liquid. Hopkins 
(1941-2) noted that although xanthopterin from 
butterfly wings does not itself yield rhodopterin, the 
barium salt may do so with great ease. No rhodo- 
pterin could be prepared from the barium precipitate 
of the fish eye material. At earlier stages in the 
preparation, treatment with warm acid had always 
seemed to produce a darkening of the solution, 
sometimes with the separation of a small dark red 
flocculent precipitate which was insoluble in hot or 
cold acid. It had been thought that these red pre- 
cipitates were probably allied to rhodopterin, but 
none could be prepared from the purer material. 
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No explanation of the difference between the barium 
salt of xanthopterin prepared by Hopkins (1941-2) 
from butterfly wings and the barium salt of the fish 
eye material can be given. Hopkins (1941—2) found 
that erythropterin gave a far higher yield of rhodo- 
pterin than did xanthopterin and states: ‘It may be 
said that most probably classical xanthopterin, that 
from the species employed by Wieland & Schépf, 
when in its pure form, yields none.’ In other respects 
the barium precipitate of the pigment from the 
dogfish eye resembled the amorphous barium salt 
of xanthopterin. It was soluble when warmed and 
separated on cooling, and it could be decomposed 
by H,SO, and the pigment recovered by precipita- 
tion at pH 4-0 with sodium acetate. 


ULTRA-VIOLET AND FLUORESCENCE 

SPECTRA 
The ultra-violet and fluorescence spectra of pre- 
parations 120 and 135 were examined in their solu- 
tions in about 0-05N-NaOH. Leucopterin is soluble 
only in an alkaline medium, xanthopterin in neutral, 
acid and alkaline media. An alkaline solution was 
therefore used for these investigations, so that if 
leucopterin, as well as the xanthopterin suggested 
by the chemical evidence, were present, its charac- 
teristic spectra would show up under these condi- 
tions. 

The ultra-violet absorption spectrum of leuco- 
pterin in 0-1N-NaOH (Fromherz & Kotzschmar, 
1938; Hiittel & Sprengling, 1943) shows absorption 
maxima at about 340, 286, 240muz., the logarithms 
of the corresponding molecular extinction coeffi- 
cients being 4-05, 3-8 and 4-2 respectively. The 
ultra-violet absorption spectrum of xanthopterin 
in 0-1N-NaOH acetic acid (Totter, 1944) shows 
maxima at about 375 and 255myz., H{%, being 300 
and 800, with relative intensity 1 : 2-66. The ab- 
sorption spectra of the samples of synthetic leuco- 
pterin and xanthopterin available in Cambridge 
have been determined (Jacobson & Simpson, 1946), 
and were found to be in good agreement with the 
published curves. It should be noted that the 
published results do not all employ the same defini- 
tion of absorption coefficients. It is therefore more 
important to use the positions and relative inten- 
sities of the absorption maxima, rather than their 
absolute intensities, when discussing the presence 
of leucopterin and xanthopterin in the choroid 
preparations. 

The fluorescence spectrum of leucopterin in 0-1 N- 


‘NaOH shows bands at 516myz. (strong), 462 muy. 


(fairly strong); xanthopterin under similar condi- 
tions has bands at 592my. (weak), 516muy. (fairly 
strong), 463my. (strong) (Jacobson & Simpson, 
1946). 

Preparation 120 in 0-1N-NaOH gives an ultra- 
violet absorption curve (Fig. 1) the shape of which 
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strongly suggests the presence of xanthopterin 
(maxima at 377 and 255mxz., relative intensities 
1 : 2-67), and the absence of leucopterin (no bands 
indicated at 340 and 286muyz.). The fluorescence 
spectrum of the same solution showed two strong 
bands between 546 and 436muz., the positions and 
intensities of which coincide with those of xantho- 
pterin and not of leucopterin. The spectroscopic 
results for Prep. 120 do not positively suggest the 


“1% 


E} cm, 





my. 
Fig. 1. The ultra-violet absorption spectra of choroid 
extracts. A. Prep. 120. B. Prep. 135. 


presence of any material other than xanthopterin, 
but if, on the assumption that the preparation 
consists solely of xanthopterin, the extinction coeffi- 
cients of the absorption maxima are compared with 
those of Totter (1944), the present values are seen 
to be too low. This means that Prep. 120 may 
contain material which does not show up in the 
ultra-violet or fluorescence spectra. 

The ultra-violet absorption spectrum of Prep. 135 
in 0-04N-NaOH shows maxima at 375 and 260mz., 
probably due to xanthopterin, and has no absorption 
which can be attributed to leucopterin. On the 
other hand, there is much absorption in the region 
of 410myp. The contaminating material cannot be 
guanine (maxima at 280 and 250myz., Fromherz & 
Kotzschmar, 1938). The fluorescence spectrum in 
alkaline solution shows two bands between 546 and 
436my. The band at the shorter wave-length coin- 
cides in position with the corresponding xantho- 
pterin band; but the wave-length of the other is 
rather too great and its relative intensity is too high. 


A. PIRIE AND D. M. SIMPSON 
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This means that some other substance fluorescent 
in the region 540-520 mp. was probably also present. 
The most common material showing such fluor- 
escence is riboflavin, which has a wide intense band 
maximum about 530 mu. (e.g. Dhéré, 1937, p. 243), 
but the fluorescence of riboflavin should be very 
weak at the pH at which the solution of Prep. 135 
was investigated, so that it is unlikely that riboflavin 
is the contaminating material. 

Caution is always necessary in the use of spectra 
as a means of identifying specific compounds in 
biologically occurring materials. Considered alone, 
they are of little value, as the absorption and 
fluorescence spectra of most complicated molecules 
generally show rather widg bands, and mixtures of 
different substances might be responsible for a 
spectrum approximately the same as that of the 
pure substance whose presence is suspected. It is, 
however, much less likely that such mixtures would 
have spectra identical both in absorption and 
fluorescence. If the class of substance present has 
already been indicated by chemical investigation, 
then spectra may provide valuable confirmatory 
evidence, and further may frequently be used to 
identify a particular compound within that class. 
If both the absorption and the fluorescence spectra 
are determined, then the identification becomes 
fairly certain. 

In the present investigation, all the lines of evi- 
dence agree in suggesting that the main constituent 
of both preparations 120 and 135 is xanthopterin. 





BIOLOGICAL DISTRIBUTION OF BLUE 
FLUORESCENT SUBSTANCES 


Blue-fluorescent material can be extracted from the 
eyes of both fresh and salt water fishes, some of 
them teleosts and some elasmobranchs. The fact 
that in the dogfish the pterin is present in the 
choroid together with guanine led us to make a 
survey of eyes in which such blue-fluorescent ma- 
terial had previously been described to see whether 
fluorescence could be correlated with the presence 
of a tapetum containing guanine. Fish may lay 
down guanine in their scales, internal membranes, 
and eyes; in the eye it may either form a layer, the 
argentea, which is external to the choroid and may 
be continued in the anterior layers of the iris; or a 
choroidal tapetum backing the retina, or a retinal 
tapetum formed of the pigment epithelium. Abels- 
dorff (1898) showed that alligators resembled fish in 
having a retinal tapetum which contained guanine. 
Through the kindness of Dr Hindle, Secretary of 
the London Zoological Society, we were able to 
examine the eyes of an alligator, Alligator mississi- 
piensis, and also the eyes of some fresh-water fish 
that had been reported to give fluorescent extracts. 
The eyes of the alligator were removed shortly after 
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death and fixed in 70% ethanol. After fixation, 
sections of one eye were prepared for microscopical 
examination in polarized light. This revealed in the 
retinal pigment epithelial cells a band of irregular 
erystals mixed with light brown pigment. The 
choroid and retina removed from the other eye 
could unfortunately not be separated, and they 
were together extracted with 2 ml. 0:-5nN-NH,OH. 
After centrifugation, the pale yellow solution showed 
brilliant blue fluorescence. In order to remove any 
riboflavin or products of riboflavin breakdown, the 
extract was exposed for | hr. to a 120W. Osira 
ultra-violet lamp, at a distance of 20 cm. in a layer 
0-2 cm. thick. De Merre & Brown (1944) have shown 
that such treatment is sufficient to destroy almost 
completely riboflavin in dilute solution. The solution 
was then shaken with chloroform to remove any 
lumichrome that had been formed. No fluorescent 
material was removed by the chloroform and the 
fluorescence of the solution appeared unchanged. 
This fluorescence was quenched in concentrations 
of alkali above N, and changed to yellow-green at 
pH 4. All fluorescent material was precipitated by 
ammoniacal silver nitrate and could be recovered 
from the precipitate by decomposition with HCl. 
The HCl solution showed no fluorescence and was a 
clear yellow colour. These preliminary tests showed 
that the eye of the alligator contains a substance 
similar to that of the dogfish eye. 

Eyes of Cyprinus carpio (carp), Perca fluviatilis 
(perch) and Tinca vulgaris (tench) were extracted 
in the same way and in each case fluorescent extracts 
were obtained. No crystals could be seen in the 
retinas or choroids of these eyes when sections were 
examined in polarized light. This shows that there 
is no correlation between the presence of a tapetum 
containing guanine in the eye and the presence of 
blue-fluorescent substances. We found that the 
fluorescence in dilute acid of the material extracted 
from the eyes of the carp, and tench, which are 
Cyprinidae, is different from the fluorescence of the 
material extracted from the other animals. Extracts 
from Cyprinidae show blue-purple fluorescence both 
at pH 4 and 9, while the fluorescence of the extracts 
from the eyes of other animals changes from sky 
blue at pH 9 to yellow-green at pH 4. Hiittel & 
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Sprengling (1943) noted a difference in the fluor- 
escence of the skin extracts from Cyprinidae and 
from Esox lucius (pike), Perca fluviatilis (perch) and 
Cottus gobio (Miller’s thumb). Ichthyopterin, pre- 
sent in the skin of Cyprinidae, may also be present 
in their eyes, while the eyes of other species may 
contain xanthopterin. 


DISCUSSION 
When a fluorescent substance is found in close con- 
junction with the retina it is tempting to consider 
that. it plays some part in vision. It is, however, 
pertinent to remember, first, that the pterin may 
not occur in vivo in a fluorescent form, and secondly, 
that although Graham (1922) found that the mam- 
malian cornea and lens are transparent to light of 
wave-lengths as short as 313 my., Goodeve, Lythgoe 
& Schneider (1941) found that, for the human retina 
at least, the sensitivity to the wave-length 365muy. 
was ten thousand times smaller than the sensitivity 
to the wave-length 560my. Also Hulbert (1928) 
found that only one thousandth of the incident light 
of wave-length 360my. penetrated through 20m. 
of sea water whereas light of wave-length 500myz. 
penetrated 300 m. of sea water before its intensity 
was similarly diminished. At present, therefore, 
there is no evidence correlating the presence of 
fluorescent substances in the eye with physiological 


function. 
SUMMARY 


1. A substance showing blue fluorescence has 
been isolated from the choroid of the dogfish 
Squalus acanthias. 

2. A similar substance was found in the eyes of 
Alligator mississipiensis. 

3. Chemical and spectroscopical evidence makes 
it probable that this substance is xanthopterin. 

4. The presence of guanine in the choroidal 
tapetum has been confirmed. 


We have much pleasure in acknowledging help and advice 
from Dr W. Jacobson. The work was started at the Scottish 
Marine Biological Station and the continued supply of 
material from Mr R. Elmhirst, the Director, made its com- 
pletion possible. We are very deeply indebted to him for 
his help. 
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Tetryl Dermatitis 


1. ULTRA-VIOLET IRRADIATION OF TETRYL 
(2:4:6-TRINITROPHENYL-METHYL-NITRAMINE) 


By I. A. BROWNLIE anv W. M. CUMMING, The Royal Technical College, Glasgow 


(Received 23 August 1945) 


Much has been written during the war on the 
incidence of tetryl dermatitis and the factors 
governing its development. It is sufficient to cite 
two recent publications, that of Swanston (1943), in 
which a statistical study is made of factory cases in 
this country in 1942, and that of Probst (1944), who 
describes a similar study in the U.S.A. 

The only aspects of this work which appear to be 
significant for the present investigation are the con- 
clusions that the parts attacked are the hands, face, 
forearms, wrists, neck, ankles and feet, and this 
has led to emphasis on personal cleanliness as one 
of the most important preventive measures. It is 
also claimed that incidence is higher in warm 
weather and has its maximum effect around the 
sixteenth day of continued contact. Swanston re- 
ports that relapses are extremely common and that 
sunlight or a strong wind is sufficient to precipitate 
a further attack in an individual who has apparently 
recovered. : 

Whether the dermatitis is produced by the action 
of tetryl dust in the atmosphere of factories or by 
direct contact with tetryl, as in handling, it is an 
established fact that the incidence is high in filling 
factories and practically non-existent in explosives 
factories. In order that airborne material could be 
estimated and the results applied to improving 
conditions of ventilation, etc., a quantitative me- 
thod has been devised by Cumming & Wright (1945). 

Tetryl in the form of fine dust is deposited on the 
skin, where it may remain for some time in the 
presence of surface moisture of slight organic acidity 
and at skin temperature, and may well be absorbed 
at the skin surface. The reports quoted suggested 
that exposure to daylight, and particularly sunlight, 


might possibly result in a transformation or decom- 
position of the tetryl, leading ultimately to the 
dermatitic symptoms. Accordingly, it was decided 
to investigate the problem from this angle. It is 
well known that ultra-violet light is capable of pro- 
moting marked changes in chemical structure, and 
it might be possible to identify such a product or 
products if these were formed. Conditions of irradia- 
tion should be chosen to approach as nearly as 
possible those pertaining to the skin; the tempera- 
ture should not exceed 25° and a pH of 5-5 would 
probably simulate the acidity of the average. human 
epidermis. 
METHODS 

The sample of tetryl used for irradiation was recrystallized 
five times from pure acetone and had m.p. 130°. 

Solutions (0-0002M-tetryl dissolved in acetic acid con- 
taining 15% ‘spectroscopic’ ethanol—final pH 5-5) were 
irradiated in a quartz flask. The quartz vacuum mercury 
vapour lamp (14 cm. long and 1-5 cm. in diameter) used as 
the source of ultra-violet light was 28 cm. from the central 
axis of the quartz flask. The solutions were maintained at 
25+2°, and, after exposure, the irradiated solutions were 
filtered through a no. 4 sintered glass crucible. A similar 
0-0002M. solution of tetryl was kept at 37-5° for 120 hr. in 
absence of light, and a control sample of solvent was irra- 
diated for 48 hr. under the above conditions. 

Solutions of 2:4-dinitrophenyl-methyl-nitramine and 
2:4:6-trinitrophenyl-nitramine (0-0002M. at pH 5-5) were 
similarly irradiated. 

A ‘Spekker’ photoelectric absorptiometer was used to 
compare the colour intensities of solutions, irradiated for 
varying times, with each other, and with compounds con- 
sidered to be possible products of irradiation. In all the 
readings reported, no. 7 blue filters were used. 

The absorption spectrophotometric measurements were 
made with a Hilger E498 medium quartz spectrograph and 
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Spekker photometer. In general, Ilford Iso-zenith H and 
D700, Panchromatic H and D700, and Kodak B10 plates 
were used, and the conditions of exposure and development 
were standardized. The match points were obtained by 
visual examination of the plates. A Hilger comparator was 
also used. 

The absorption spectrograms of tetryl, before and after 
irradiation, and before and after heating, were recorded 
and in addition, the irradiated solvent was examined. 

The following compounds, closely related to tetryl, were 
synthesized, and their absorption spectrograms recorded 
under the same conditions as before: trinitrophenyl-nitr- 
amine (Jones & Wilson, 1930), 2:4-dinitromonomethyl- 
aniline (m.p. 178°), 2:4-dinitropheny]l-methyl-nitramine 
(m.p. 115°), picramide (m.p. 192°) and methylpicramide 
(m.p. 114°). 

After purification by recrystallization, the absorption 
spectra of picric acid (m.p. 122-5°), 2:4:6-trinitrobenzoic acid 
(m.p. 227°), and 3-hydroxy-2:4:6-trinitrophenyl-methyl- 
nitramine (m-hydroxy-tetryl) (m.p. 174°) were recorded in 
aqueous ethanolic solution. The absorption spectrograms 
for l-tyrosine, l-cystine, and crystallized egg albumin were 
also recorded. The possibility that traces of compounds, 
allied to tetryl irradiation products, might already be present 
in crude tetryl, was considered. A sample of 5 g. of crude, 
washed, unboiled tetryl was refluxed with distilled water 
for 30 min. The cooled solution was filtered through a no. 4 
sintered glass crucible and the filtrate examined spectro- 
graphically. 

The reactivity of picramide and methylpicramide towards 
crystallized egg albumin was determined by adding 0-1 g. 
of the latter to 100 ml. (0-0001 M.) of each of these substances, 
and leaving for 7 days at 37-5° in absence of light. The 
absorption curves of these solutions were then recorded. 
The reactivity of l-tyrosine and /|-cystine towards these 
substances was determined by adding 50 ml. of the amino- 
acid solution (0-0005m.) to 50 ml. of the appropriate nitro- 
compound solution (0-0001M.) and continuing as before. 
These relative concentrations were chosen after considera- 
tion of the absorption curves of the pure substances. 


RESULTS 
After irradiation for 1} hr. the previously colourless 
solution of tetryl had become greenish yellow. The 
increase of colour intensity with irradiatiun as 
shown by the following readings on the ‘Spekker’ 
absorptiometer is given in Table 1. After 7 hr. the 


Table 1. Colour intensity of irradiated 
tetryl solutions 


Drum 

reading 
Non-irradiated tetryl solution 0-0002M. 1-00 
1} hr. irradiated tetryl solution 0-0002M. 0-76 
3 hr. irradiated tetryl solution 0-0002M. 0-66 
5 hr. irradiated tetry! solution 0-0002M. 0-62 
7 hr. irradiated tetryl solution 0-0002M. 0-61 


drum reading remained constant at 0-61. No pre- 
cipitate was formed during these short periods of 
irradiation, but with a reduced distance of 20 cm. 
between lamp and flask, and an irradiation time of 
60 hr., an orange-brown substance was precipitated. 
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Tetryl solution has a general absorption curve 
extending to 4000A., but after irradiation for 3 hr., 
the absorption curve is selective, with a broad band 
with emax.= 10,500 at A=3460A., and an inflexion 
at A=4100A. The value of emax, increases with time 
of irradiation, reaching its highest value after 5 hr. 
After 60 hr., the absorption curves for the filtered 
solution and for the precipitate dissolved in spectro- 
scopic ethanol show once again only general absorp- 
tion. Before formation of this precipitate, the solu- 
tion changes in colour from yellow to orange. 

When a tetryl solution was irradiated under the 
same conditions in a soda glass flask, the same 
changes in colour, and in the absorption curve, took 
place. At 3100A. glass becomes strongly absorbing, 
and at 2900A. the solar spectrum ends. The photo- 
chemical changes taking place, when a tetryl solu- 
tion is exposed to the mercury-vapour spectrum, 
must be caused by radiations of wave-length longer 
than 3100A., and, therefore, should take place when 
tetryl is exposed to sunlight. 

The absorption curve of tetryl solution kept at 
37-5° for 130 hr. in absence of light was identical 
with that measured at the beginning of this period, 
and the solution remained colourless. No absorption 
above 2150 A. was present in the spectrogram of the 
irradiated solvent. The photochemical decomposi- 
tion products of ethanol are gaseous (Berthelot & 
Gaudechon, 1913), and changes in the solvent can 
be neglected. 

The absorption curves of all the compounds 
examined are shown in Figs. 1-10 and of these only 
two have bands of a type similar to that of irradiated 
tetryl. Picric acid has a band, with emax.= 14,000 
at A= 3520A., but there is no inflexion at A= 4100 A. 
On the other hand, the absorption curve of methyl- 
picramide approaches very closely that of irradiated 
tetryl, having a band with emax,= 14,000 at A= 
3460 A., and an inflexion at A=4100A. 

The colour intensities of 0-0002M-methylpicr- 
amide, picric acid, and tetryl (irradiated for 3 hr.) 
were compared on the Spekker absorptiometer 
(Table 2). In addition, the effect of the addition of 
0-5 ml. 0-1N-NaOH to 10 ml. of the above 0-002. 


Table 2. Colour intensities of methylpicramide, picric 
acid and irradiated tetryl solutions (m/5000) 


Drum 
reading 
2 min. 
after 
Drum _ adding 
reading alkali 
Methylpicramide 0-588 0-300 
20% water and 80% methylpicramide 0-640 0-410 
Non-irradiated tetryl 1-000 — 
3 hr. irradiated tetryl 0-660 0-440 
Picric acid 0-750 0-760 
0-190 


20% tetryl + 80% methylpicramide —— 


2-2 
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solutions was examined. The neutral and alkaline 
colours of a solution containing 80% 0-0002m- 
methylpicramide and 20% distilled water are very 
close to the respective colour intensities of tetryl 
solution irradiated for 3 hr. 


14 


ex 10-3 





2 
5200 4400 3600 2800 2000 
AA. 
Fig. 1. —-— Tetryl. ---—- Irradiated tetry]l. 
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Fig. 2. ---- 2:4-Dinitromonomethylaniline. 


—-— 2:4-Dinitropheny!-methyl-nitramine. 


Finally, irradiated tetryl solution was tested with 
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Fig. 3. —-— Crystallized egg albumin. 


—-—-- Picramide and albumin. 
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Fig. 4. —-— Trinitrophenyl-nitramine. 
---- Picramide. 


«x10-3 


the sulphanilamide-«-naphthylamine spot test re- 
agent for nitrous acid and also for nitric acid by 
reduction with zine dust. In the former -case, a 
negative result was obtained, but in the latter, a 
slight positive result was given. The intensity of 
colour was not sufficient, however, to distinguish 
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Fig. 5. -—--- Methylpicramide. —-— Picric acid. 
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the original inherent acidity of the tetryl. 

On irradiation, an 0-0002 m. solution of 2:4-dinitro- 
phenyl-methyl-nitramine became greenish yellow. 
The solvent composition and irradiation conditions 
were identical with those of tetryl. The progress of 
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5200 4400 3600 2800 2000 
AA. 
Fig. 6. —-— 80% methylpicramide, 20% tetryl. 


---—-— Irradiated tetryl. 





5200 3600 


AA. 


2800 


Fig. 7. 2:4-Dinitrophenyl-methyl-nitramine. 
—-— Non-irradiated. ---—-— Irradiated. 


irradiation as followed by the Spekker readings is 
given in Table 3; the colour intensity of 2:4-dinitro- 
monomethylaniline solution is given for comparison. 
No precipitate was formed during the 6 hr. irradia- 
tion. Absorption of 2:4-dinitrophenyl-methyl-nitr- 
amine solution is general, but after irradiation a 
broad absorption band, A= 3560A., is present. The 
value of emax. is 8000 for the solution irradiated for 
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between any acidity produced by irradiation and 


Table 3. Colour intensity of irradiated 2:4-dinitro- 
phenyl-methyl-nitramine solutions 


Drum 
reading 
2:4-Dinitrophenyl-methyl-nitramine 2 hr. 0-740 
irradiation 0-0002 Mm. 
2:4-Dinitrophenyl-methyl-nitramine 4 hr. 0-660 
irradiation 0-0002M. 
2:4-Dinitropheny]-methyl-nitramine 6 hr. 0-610 
irradiation 0-0002 mM. 
2:4-Dinitromonomethylaniline non-irradiated 0-720 
0-0001 m. 
14 





5200 
AA. 
Fig. 8. 2:4-Dinitrophenyl-methyl-nitramine. 
35 % 2:4-dinitrophenyl-methyl]-nitramine, 
\65% 2:4-dinitromonomethylaniline. 
—---— Irradiated 4 hr. 
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Fig. 9. m-Hydroxytetryl. 
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2 hr., and 11,000 after 4 hr. 2:4-Dinitromono- 


methylaniline has an absorption band of the same 
type as the irradiated solution, with emax.= 16,000 
at A=3590A. 

An 0-0002m. solution of 2:4:6-trinitrophenyl- 
nitramine, irradiated under similar conditions, be- 
comes greenish yellow, no precipitate being formed 


10 


Fig. 10. Trinitrophenyl-nitramine. 
—---— Non-irradiated. —-— Irradiated 5 hr. 


during 5 hr. irradiation. The ‘Spekker’ readings in 
Table 4 record the progress of irradiation, and 
compare the intensities of the irradiated solutions 
with that of a solution of picramide: 


Table 4. Colour intensities of picramide and of 
irradiated 2:4:6-trinitrophenyl-nitramine solutions 
(11/5000) 

Drum 
reading 


0-760 
0-940 
0-810 
0-620 


Non-irradiated picramide 

Non-irradiated 2:4:6-trinitropheny]-nitramine 
Irradiated 14 hr. 2:4:6-trinitrophenyl-nitramine 
Irradiated 5 hr. 2:4:6-trinitrophenyl-nitramine 


2:4:6-Trinitrophenyl-nitramine has a band with 
€max.= 7600 at A=3460A. The irradiated solution 
exhibits a similar band displaced to 3280A., and 
with a slightly increased extinction value. The 
extinction values in the region 4000—-4800A. are 
increased, creating an inflexion at 4000A. 

The solution derived from crude tetryl, as pre- 
viously described, has an absorption band with a 
maximum value at A=3600A. The absorption 
curve of m-hydroxytetryl also has an absorption 
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band of exactly the same form with a maximum at 
A=3600A. This affords direct evidence for the pre- 
sence of m-nitrotetryl (2:3:4:6-tetranitrophenyl- 
methyl-nitramine) in crude tetryl (compare Figs. 
9 and 11). 


20 


3600 2000 
AA. 


Fig. 11. Crude tetryl. (Hydrolyzable content.) 


2800 


The absorption curve of crystallized egg albumin 
is given and it was shown that very little change in 
the absorption spectrum of methylpicramide or of 
irradiated tetryl occurs after addition of albumin. 
Picramide, however, gives a definite reaction with 
albumin as shown by a marked change in the ab- 
sorption bands. It was found that neither picramide 
nor methylpicramide gave any reaction with l- 
tyrosine, or hair keratin. In cases where no reaction 
took place between the nitro-compound and the 
amino-acid or protein, the absorption curve was 
exactly similar to the curve calculated for a mixture 
of the components, using the data obtained from 
the absorption spectra of the pure compounds. 

The absorption curve of /-cystine has values of « 
less than 400. The absorption curves of picramide 
and methylpicramide solutions, after addition of 
l-cystine solution, do not show any major change 
in the positions of the respective bands. The longer 
wave-length band (A= 4080A.) of picramide, how- 
ever, shows a slight relative increase of maximum 
as compared with the band of shorter wave-length 
(A=3240A.). This increase in ¢ is of the order of 
500 units and may indicate a slight interaction 
between /-cystine and picramide. 

The spectrograms of the various compounds re- 
ferred to above are shown in Figs. 1—10. 
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DISCUSSION 


From an examination of the curves (Fig. 5), it is 
clear that picric acid and methylpicramide are 
possible irradiation products of tetryl. 

The formation of picric acid as an irradiation 
product could arise from hydrolysis with formation 
of methylnitramine: 


mK Sa an no 2: + 


No, 


Various reactions of tetryl with amines, involving 
first of all addition, and then condensation with 
elimination of methylnitramine, have been reported 
by v. Romburgh & Maurenbrecher (1907), Duin 
(1919), and James, Jones & Lewis (1920). The ab- 
sorption curve of methylnitramine as given by Baly 
& Desch (1908) and Kortum (1940) has a band at 
2560A. However, if this were present in solution 
with picric acid, it could not give rise to the flattened 
portion of the absorption curve of irradiated tetryl. 

Methylpicramide could arise from tetryl by elimi- 
nation of —NO, as HNO,: 


N 


wi Sx’ oS 

NO, 

“Ko, 

Although no work has been reported on the irradia- 
tion of tetryl, ovidence of formation of methyl- 
picramide from it in other circumstances is available. 
Martens (1886) observed that tetryl heated in 
various solvents evolved nitric oxide and formed 
methylpicramide. Davis & Allen (1924) boiled 
tetryl in n-butanol for 46 hr. and obtained small 
quantities of methylpicramide; the same workers 
also obtained it by action of concentrated sulphuric 
acid at 100°. They suggested formation of nitric 
acid and methylpicramide by hydrolysis, and re- 
ported a positive test for nitric acid with diphenyl- 
amine. 

The absorption data are sufficient in themselves 
to show that the irradiation product of tetryl is 
methylpicramide, the correlated curves for mixtures 
of methylpicramide and tetryl being particularly 
close to that of irradiated tetryl. In addition, the 
‘Spekker’ readings for the neutral and alkaline 
solutions are very similar. Tetryl irradiated for 3 hr. 
gives values agreeing with 80% methylpicramide. 
The colour intensity with alkali, however, does not 
agree with a value of 20% residual tetryl. The 
residual tetryl must be less than 5 % and the other 
15% must be in the form of secondary products 
such as 2:4-dinitrophenyl-methyl-nitramine, which 


— NO, 
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show general absorption and give very small colour 
changes with alkali in dilute solution. 

Under the experimental conditions then, tetryl 
may be said to be very sensitive to ultra-violet 
irradiation. It was also noted that prolonged irra- 
diation for 60 hr. completely destroyed the methyl- 
picramide, resulting in products possessing only 
general absorption. Their identification by spectro- 
— means was not attempted. 


CHAN 
NNO, 


The ‘aictilins curve of 2:4-dinitrophenyl- 
methy]-nitramine, irradiated for 4 hr., can be corre- 
lated almost exactly with that of a mixture of 65% 
2:4-dinitromonomethylaniline and 35% of 2:4- 
dinitropheny]-methyl-nitramine. This indicates that 
the change taking place during irradiation involves 
removal of the non-nuclear nitro-group, and its 
replacement by a hydrogen atom, a change analo- 
gous to that which occurs during irradiation of 
tetryl. Once again, the readings on the ‘Spekker’ 
support these conclusions. 

On a similar basis, irradiation of 2:4:6-trinitro- 


NO, 


CH, 
a 
NO, 

phenyl-nitramine might be expected to split off the 
non-nuclear nitro-group to give picramide. How- 
ever, the absorption band of 2:4:6-trinitrophenyl- 
nitramine lies between the two bands of picramide, 
and identification of a proportion of picramide in 
2:4:6-trinitrophenyl-nitramine is rendered difficult 
by the consequent merging of the three bands. 
Trradiation, however, moves the band of 2:4:6- 
trinitrophenyl-nitramine to the approximate posi- 
tion of the shorter wave-length band of picramide 
and in addition, the extinction values are greatly 
increased in the region of the longer wave-length 
band of picramide. After irradiation for 5 hr., the 
‘Spekker’ reading shows a higher intensity than 
that of an 0-0002m. solution of picramide. Under 
these circumstances, therefore, it may be concluded 
that 2:4:6-trinitrophenyl-nitramine is very sensitive 
to ultra-violet irradiation and one of the products 

of irradiation may be picramide. 


HO.NO, 


Physiological aspects 
The fact that tetryl is extremely sensitive to the 
ultra-violet irradiation indicates that, if adsorbed 
in the superficial layers of the skin, it could be 
converted to methylpicramide by action of sunlight. 
The permeability of the epidermis to ultra-violet 
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rays is given by Hasselbalch (1911) in the following 
figures. The coefficient of absorption is I/I,, where 
I =intensity of transmitted light, and J,= intensity 
of incident light. 





Wave-length 404 360 334 313 302 294 289 
(myz.) 
Coefficient 23 42 66 85 124 175 39-0 


(Z/Lo) 


Lucas (1931) finds much higher absorption than 
these figures indicate. The epidermis is, therefore, 
a site in which photochemical change of tetryl can 
take place. It may be assumed that the degree of 
penetration of the epidermis by ultra-violet light, 
and the consequent photochemical decomposition 
of the tetryl, will be influenced by such factors as 
pigmentation of the skin. If this is such that little 
penetration takes place, presumably comparative 
immunity from dermatitis will result. 

Simple chemical substances, which cause sensiti- 
zation, are generally assumed to do so by virtue of 
their power to couple with proteins, thus producing 
antigens after introduction into the body. For this 
reason, the reactions of picramide and methyl- 
picramide with proteins were investigated spectro- 
graphically. Evidence was obtained of a reaction of 
crystallized egg albumin with picramide although 
not with methylpicramide. Astbury (1937) believes 
that fibrous proteins such as keratin, and globular 
proteins such as egg albumin, have related structures 
so that a reaction between picramide and keratin, 
similar to that between picramide and albumin, 
might be expected. In view of the fact that picr- 
amide probably reacts with a particular amino-acid 
constituent of albumin, the reactions of picramide 
with certain amino-acids were investigated, after 
consideration of the amino-acid content of skin 
keratin (Eckstein, 1935; Block, 1935) and crystal- 
lized egg albumin (Calvery, 1932; Vickery & Shore, 
1932). The contrast between keratin of the epidermis 
and collagen as found in the white fibrous tissue 
beneath the epidermis, is that the former contains 
liberal amounts of tyrosine and cystine and the 
latter very little. 

The amino-acids so far investigated, namely, 
l-tyrosine and l-cystine, do not show a definite 
reaction with picramide or methylpicramide, al- 
though a slight reaction between /-cystine and 
picramide was indicated. It may be that the pH 
value is critical and further examination of these 
and other amino-acids, at various pH values, has 
yet to be made. 

Harington (1944) carried out skin tests on guinea- 
pigs, and reported that no derivative of tetryl, 
lacking the full complement of nuclear nitro-groups, 
gave any reaction whatever. Similarly, s-trinitro- 
benzene, 2:4:6-trinitrobenzoic acid, picric acid, and 
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methylnitramine gave no skin reactions. Typical 
skin reactions, however, were obtained by applica- 
tion of picramide, methylpicramide and dimethy]- 
picramide. There is thus direct evidence that methy]l- 
picramide can cause typical skin reactions. In 
addition, we have experimental evidence of com- 
bination of picramide, an extremely active derma- 
titic agent, with a protein. It is therefore suggested 
that tetryl, adsorbed in the skin and not penetrating 
beyond the epidermis, is converted into methyl- 
picramide, which in turn may react with an amino- 
acid constituent of keratin, such as /-cystine. Tissue 
protein altered in this way is a substance foreign to 
the skin, and capable of acting as an antigen in the 
surface layers of the skin. It may be supposed that 
the resulting antibodies would be fixed at, or near, 
the site of adsorption. It is believed that the 
antigen-antibody reaction, characteristic of ana- 
phylaxis, takes place within the tissue cells, and 
that the antibodies are not necessarily demonstrable 
in the blood stream. The skin should, therefore, be 
the organ which will react to subsequent action with 
the antigen, and the chemical substance which 
precedes it. 

On the completion of this work, a paper by Gell 
(1944) has come to hand. His conclusions, in so far 
as they concern tetryl, are in general agreement 
with the mechanism of dermatitic action proposed 
in this paper. He examined a large number of 
compounds in an attempt to find those able to elicit 
skin reactions in tetryl-sensitized guinea-pigs. The 
following results include the more important com- 
pounds, and each + refers to the intensity of the 
skin reaction obtained: picrylglycine (+), trinitro- 
phenetole (+ + +), picramide (+ ), methylpicramide 
(++), dimethyl picramide (+), picryl chloride 
(++), m-hydroxytetryl (—), m-nitrotetryl (—). 
The last-mentioned compound, m-nitrotetryl, is of 
interest because it is the main impurity (soluble in 
water or hydrolyzable) found in crude tetryl. It 
may be concluded from these results that the derma- 
titic properties of tetryl are not due to small quan- 
tities of impurities present in the crude product. 
Methylpicramide, it may be noted, is listed by Gell 
as a very active dermatitic agent. Gell (1944) 
confirmed that compounds themselves containing 
the N-2:4:6-trinitrophenyl amino group, or poten- 
tially capable of forming such a grouping by com- 
bination with the amino groups of a protein, share 
the property of eliciting the skin reaction. He 
describes methods of making picryl-antigens from 
picryl chloride and rabbit serum or guinea-pig 
globulin, and obtained anaphylactic phenomena on 
intravenous injection of these picryl antigens. 
Guinea-pigs were, however, only weakly or not at 
all sensitized by injection intradermally of picryl 
proteins made with either guinea-pig globulin or 
horse serum. 
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SUMMARY 


1. Tetryl is converted to methylpicramide, an 
active dermatitic agent, to the extent of 80% when 
irradiated with full ultra-violet light for 3 hr. at 
skin temperature and at pH 5-5 (approximate pH 
of epidermis). Longer irradiation (16 hr.) com- 
pletely destroys the methylpicramide. 

2. The absorption curves of tetryl irradiated for 
3 hr., and for a mixture of 80% methylpicramide 
and 20 % tetryl are identical. 

3. Picric acid has an absorption curve closely 
allied to that of methylpicramide, but sufficient 
evidence has been obtained to show that it is the 
latter which is produced by irradiation. 

4. m-Hydroxytetryl, which is not dermatitic, 
possesses a characteristic absorption band which 
makes its precursor, m-nitrotetryl, easily recog- 
nizable in crude tetryl. 

5. Picramide, known to be an active dermatitic 
agent, is absent from crude tetryl, and from irra- 
diated tetryl. 
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6. Absorpticn curves have been obtained for 
2:4-dinitromonomethyl-aniline, 2:4-dinitrophenyl- 
methyl-nitramine, and 2:4:6-trinitrophenyl-nitr- 
amine. None of these compounds is derived from 
tetryl by irradiation. 

7. Evidence is presented for the formation of 2:4- 
dinitromonomethyl-aniline from 2:4-dinitrophenyl- 
methyl-nitramine, the N-nitro group being elimi- 
nated. It may be assumed that the same reaction 
takes place in the formation of methylpicramide 
from 2:4:6-trinitrophenylmethyl-nitramine. 

8. Although no evidence has so far been obtained 
of combination between methylpicramide and a 
protein, spectrographic evidence is produced for a 
reaction between picramide and crystallized egg 
albumin. 

9. A mechanism for the dermatitic action of 
tetryl is suggested. 


The authors thank the Ministry of Supply for permission 
to publish this paper. 
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The Stabilization and Estimation of Lactic Acid in Blood Samples 


By C. LONG, Department of Biochemistry, The Queen’s University, Belfast 


(Received 4 September 1945) 


Three factors are known to raise the lactic and 
pyruvic acid levels in blood above the normal basal 
values, viz. (1) increased carbohydrate breakdown 
following a meal (or test dose of glucose), (2) anoxia, 
due to a fall in atmospheric O,-tension or to strenuous 
muscular exercise and (3) aneurin (vitamin B,) de- 
ficiency (Friedemann, Haugen & Kmieciak, 1945). 
Determinations of blood lactate and pyruvate are 
therefore of great value in studying many phases of 
carbohydrate metabolism. 


A simple procedure for lactic acid estimation, 
based on previously published methods (Friede- 
mann, Cotonio & Shaffer, 1927; Gordon & Quastel, 
1939), is described in the present, communication. 
One of its advantages is that a series of lactic acid 
determinations can now be carried out simul- 
taneously. This has proved very useful when con- 
ducting tolerance tests. The reaction between lactic 
acid and the oxidizing agent, ceric sulphate, has 
also been investigated in some detail. 
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The method of stabilizing the pyruvic acid con- 
centration of a blood sample at its in vivo level has 
already been described (Long, 1944). Since the rise 
in lactic acid concentration of shed blood is known 
to be due to oxido-reduction between pyruvic and 
triosephosphoric acids, it seemed likely that a 
similar procedure would also stabilize the lactic acid 
level. This has proved to be the case. Consequently, 
both pyruvic and lactic acids may now be deter- 
mined on the same blood sample; this is an ad- 
vantage in view of the importance attached to the 
lactic/pyruvic acid ratio (Stotz & Bessey, 1942; 
Friedemann et al. 1945). The blood glucose level is 
also stabilized under these conditions. 


THE ESTIMATION OF LACTIC ACID 
IN BLOOD 


Reagents 


Lithium lactate. A pure crystalline specimen, prepared 
by the late Prof. J. A. Milroy, was used as a lactate standard. 

Ceric sulphate. A technical preparation was dissolved in 
n-H,SO, to give a 30% solution and filtered. Titration with 
standard ferrous ammonium sulphate showed that the 
original solid was about 35% pure. 

Sodium metabisulphite. 0-9% solution. 

Starch solution. 1% solution in saturated NaCl. 

Iodine. Stock 0-1N-iodine was estimated by titration 
against 0-1N-Na thiosulphate, using pure Na iodate as the 
ultimate standard. Diluted x 10 as required. 

Cetyltrimethylammonium bromide (‘Cetavlon’), NaF and 
acid citrate buffer were used for the stabilization of the 
blood samples as recommended by Long (1944). 


Apparatus 


The unit of the apparatus (in section) is shown in 
Fig. 1. A is a ‘Monax’ 100 ml. boiling tube, fitted 
with a rubber bung, through which pass a thistle 
funnel B (bent as shown) and a simplified splash 
head C. The capacity of the splash head bulb is 
identical with that of a 20 ml. pipette. C is con- 
nected by rubber tubing D to glass tubing H which 
passes through a rubber bung to the bottom of 
another 100 ml. boiling tube F. Through this bung 
also passes an absorption tower G; this consists of 
a glass tube, length 35cm., internal diameter 
10 mm., filled to a depth of 20 cm. with glass beads 
(3-5 mm. diameter). The lower end of the absorption 
tower is constricted to keep the beads in place. At 
the top of the absorption tower is a cork carrying a 
bent glass tube H connected to rubber tubing fitted 
with a screw-clip J. The lower end of the rubber 
tubing is connected to suction K. The whole appa- 
ratus is mounted on a wooden stand, tubes A and F 
being held in position by passing through a closely 
fitting wooden framework. The lower end of tube A 
is immersed in a water-bath. Six of these complete 
units are carried side by side on the stand. A single 


1946 


water-bath and source of suction supply the whole 
apparatus. The units are readily dismantled for 
cleaning. 


SSS 


Sa 


suction 


Scale in cm. 


Fig. 1. Lactic acid apparatus. For explanation, see text. 


Procedure 


The blood sample, treated with ‘Cetavlon’, acid 
citrate buffer and NaF, as described by Long (1944) 
is deproteinized as follows. 5 ml. of the sample are 
added drop by drop to a mixture of 4ml. 25% 
trichloroacetic acid and 1 ml. distilled water con- 


tained in a 15 ml. centrifuge tube. After shaking 
thoroughly and centrifuging for 30 min. at 3500 
r.p.m., the supernatant layer is carefully decanted 
from the protein precipitate and 3 ml. (equivalent 
to 1-5ml. blood) is introduced into the tube A. 
4 ml. 0-9 % Na metabisulphite are introduced into F, 
through the upper end of G. G is then fitted with 
its cork and bent glass tube. The temperature of 
the water-bath is maintained at 60°. 

Suction is now applied, the screw-clip being ad- 
justed to give a fairly rapid rate of aeration. The 
liquid in tube A should be bubbling freely, but the 
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bisulphite solution should not rise above the level 
of the glass beads in the absorption tower. This rate 
of aeration has been determined by means of a 
flow-meter and found to be 500+ 150 ml./min. 
Ceric sulphate (10 ml. 30%) are now added to A 
through the thistle funnel. At this stage the rate 
of aeration may again be adjusted by means of the 
screw-clip. 

After 30 min. aeration, the following are discon- 
nected in the order mentioned; source of suction 
at K, junctions D-E and G-H. The glass tube H 
and absorption tower are then rinsed with distilled 
water, the washings being collected into F. 

Two drops 1 % starch solution are added to the 
contents of F and excess metabisulphite removed 
by addition of 0-1 N-iodine followed by 0-01 N-iodine 
till a faint blue end-point is reached. 3-5 g. finely 
powdered Na,HPO,.12H,O (Lehnartz, 1928) are 
then added followed by titration to the same end- 
point with 0-01 N-iodine (1 ml. 0-01 N-iodine is —- 
valent to 0-45 mg. lactic acid). 

Using the above technique, five lactic acid esti- 
mations and one blank estimation could be made 
simultaneously in the course of about 2 hr. The 
blank estimation was generally about 0-025 ml. 
0-01 N-iodine, equivaient to 0-011 mg. lactic acid. 


The reaction between ceric sulphate 
and lithium lactate 


(Into each of a series of 25 ml. beakers were introduced 
a known quantity of lithium lactate (about 3 mg. in 5 ml. 
n-H,SO,) and 1 ml. ceric sulphate (stock 30% solution 
diluted with 1-5 vol.. n-H,SO,). The mixtures were incu- 
bated on a tray suspended in a water-bath for 5-60 min. 
Blank experiments without lithium lactate were also made. 
Temperature of incubation, 50 or 60°. At the end of the 
incubation period, two drops of the ‘ferroin’ indicator* 
were added to each beaker and the reaction mixtures 
titrated against standard 0-1 N-ferrous ammonium sulphate 
(1 ml. is equivalent to 4-8 mg. lithium lactate).) 


Table 1. 


Exp. 1. 50° Exp. 2. 60° 
OT OF 
0-1N- Lithium 0-1N- Lithium 
Ferrous lactate Ferrous lactate 
ammonium  calcu- ammonium  calcu- 
Time sulphatet lated sulphatet lated 
(min.) (ml.) (mg.) (ml.) (mg.) 
5 0-261 1-25 0-422 2-02 
10 0-424 2-03 0-596 2-86 
15 0-510 2-44 0-679 3-30 
20 0-567 2-71 0-717 3-44 
25 0-617 2-95 0-731 3-51 
30 0-639 3-06 0-747 3-59 
40 0-684 3-28 0-760 3-65 
50 0-711 3-41 — = 
60 0-725 3-47 0-764 3-67 
Theor. 0-673 3-23 0-647 3-11 


* Prepared according to Vogel (1941) and diluted with 
4 vol. distilled water. 

} Difference between blank and experimental titres, 
equivalent to the volume of 0-1N-ceric sulphate reduced. 


ESTIMATION OF BLOOD LACTIC ACID 29 


STUDY OF THE REACTION AND 
CONDITIONS OF THE METHOD 


(1) The reaction between ceric sulphate 
and lactic acid 


(a) Without removal of acetaldehyde. Gordon & 
Quastel (1939) have stated: that ‘lactic acid could 
be estimated with accuracy by allowing it to react 
with an excess of standard ceric sulphate solution 
at 50° for a suitable time and titrating the excess 
with standard ferrous ammonium sulphate solu- 
tion’. The reaction is assumed to be 


CH,.CH(OH).COOH +2Cet+++ 
=CH,;.CHO +CO, + 2H+ + 2Cet++. (1) 

It was expected that this method would prove very suit- 
able for determining the purity of the lithium lactate pre- 
paration which was to be used as the standard. When the 
procedure was tested by experiment, however, inconsistent 
results were obtained; in general, more ceric sulphate was 
reduced by a known amount of lithium lactate than was 
predicted by the above equation. Further experiments 
were therefore carried out, both at 50 and 60°, to determine 
the extent of Ce++++ reduction after varying time intervals 
(Table 1 and Fig. 2). 

Table 1 shows that more than the theoretical ferrous 
ammonium sulphate titre (corresponding to the extent of 





0 15 30 60 


Fig. 2. Reaction between ceric sulphate and lithium lactate. 
Abscissa, time (min.); ordinate, percentage of theoretical 
amount of Ce++++ reduced, as measured by back titration 
with standard ferrous ammonium sulphate. Curve 4, 
60°; curve B, 50°. 
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ceric sulphate reduction) is observed at both temperatures, 
providing the incubation is continued long enough; at the 
higher temperature, as might be expected, the reaction rate 
is greater (Fig. 2). The inference to be drawn from these 
experiments is that, in addition to the main reaction (1), 
a subsidiary reaction requiring ceric sulphate reduction is 
also taking place. Two alternatives seemed possible for this 
reaction: 
2Cet++++ +CH,.CHO +H,O 
=CH,.COOH +2H+ + 2Ce+++ (2a) 
or 
4Ce*+++ +CH,.CH(OH).COOH +H,0 
=CH,.COOH +CO, +4H+ + 4Ce+++. (26) 
Reaction (2a) has been found to take place readily (Table 2) 
and is therefore the most likely alternative under the ex- 
perimental conditions. 


Table 2. The reduction of ceric sulphate 
by acetaldehyde 


(1-5 mg. acetaldehyde, in 5 ml. N-H,SO,, was incubated 
for 60 min. at 50° with 1 ml. ceric sulphate in the presence 
and absence of 3-23 mg. lithium lactate. Control experi- 
ments without added acetaldehyde were also made. Back 
titration with 0-1 N-ferrous ammonium sulphate was carried 
out as in Table 1.) 

Equi- 
valent in 
terms of 
lithium 

lactate 

(mg.) 

0-44 

0-24: 


0-1N-Ferrous ammonium 
sulphate (ml.) 
Rese huleem 
Acet- 
aldehyde 
present 


0-094 
0-803 


Acet- 


Lithium -— 
lactate 
present aldehyde 
(mg.) absent 
0 0 
3-23 0-753 


Diff. 
0-094 
0-050 


The extra reduction of Ce++++ by added acetaldehyde is 
seen to be greater when lactate is absent from the reaction 
mixture. This would be expected since lactate is being 
rapidly oxidized to acetaldehyde. The amount of acet- 
aldehyde added (1-5 mg.) was equal to the quantity which 
would be formed by oxidation of the lithium lactate 
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(3-23 mg.) present, and the extra Ce++++ reduction has 
been found to be of the same order of magnitude as the 
excess observed in Table 1. 

(6) With removal of acetaldehyde. It has been shown that 
lithium lactate reduces more than its equivalent of ceric 
sulphate and that this extra reduction is caused by the 
acetaldehyde formed in reaction (1). It was still necessary, 
however, to prove that the lithium lactate sample was 
absolutely pure. This was established in the following way. 
Lithium lactate and ceric sulphate were incubated together 
at 60° for periods of 30 and 60 min., the acetaldehyde 
formed being removed from the reaction mixture in a 
current of air and absorbed into an excess of Na meta- 
bisulphite solution using the apparatus shown in Fig. 1. 
The bound bisulphite was estimated by titration with iodine 
and the yield of acetaldehyde calculated. The extent of 
Ce++++ reduction was also determined as previously de- 
scribed. The higher temperature of incubation was used in 
order to make certain that all the lithium lactate had been 
oxidized. The results obtained are shown in Table 3. 

The volume of 0-1N-ferrous ammonium sulphate given 
in col. (1) of Table 3 is a measure of the amount of acet- 
aldehyde formed in reaction (1) plus the amount of acet- 
aldehyde oxidized in reaction (2a). The volume of 0-1N- 
iodine given in col. (3), on the other hand, corresponds to 
the amount of acetaldehyde formed in reaction (1) less the 
amount oxidized in reaction (2a). It follows then that by 
adding together the titres in cols. (1) and (3) and dividing 
by two, i.e. by calculating the mean titre, reaction (2a) is 
eliminated, and the figure obtained corresponds to the 
amount of acetaldehyde formed from lithium lactate ac- 
cording to reaction (1) only. In every case this is found to 
be nearly 100%, so that the lithium lactate sample may be 
regarded as being quite pure and suitable for use as a 
standard. Table 3 shows also that the reaction is complete 
in 30 min. at 60°. 


(2) The determination of lactic acid 


(a) Recovery of lactic acid from aqueous solutions 
of lithium lactate. In the two experiments quoted in 
‘Table 3, only 90-96 % of added lithium lactate could 


Table 3. Ceric sulphate reduction and acetaldehyde formation resulting from 
the oxidation of lithium lactate in a current of air 


(Reaction temperature, 60°. 


In Exp. 1, 3:13 mg. lithium lactate taken, corresponding to 0-652 ml. 0-1N-ferrous 


ammonium sulphate or 0-1 N-iodine; in Exp. 2, 3-07 mg. and 0-640 ml. respectively.) 


Ceric sulphate reduction 
expressed as 
SS 
(1) (2) 
0-1n-Ferrous 
ammonium 
sulphate 
Exp. (min.) (ml.) 


1 30 0-684 
30 0-708 
60 0-720 
60 0-683 
30 0-669 
30 0-666 
60 0-685 
60 0-682 


\ 


Time % of 


theory 
104-9 
108-5 
110-4 
104-7 


104-4 
104-1 
107-1 
106-7 


106-4 


Average 


0-1 n-Iodine 


Acetaldehyde formation 
expressed as 


ee Pee ee ee eee 


(3) (4) (5) (6) 

%, of Mean of cols. Average % 
theory (1) and (3) of theory 
93-9 0-648 99-4 
90-7 0-650 $9-7 
92-1 0-661 101-2 
95-3 0-652 100-0 
95-4 0-639 99-9 
95-7 0-639 99-9 
93-9 0-643 100-5 
92-1 0-636 99-4 
93-6 100-0 


(ml.) 


0-610 
0-612 
0-601 
0-589 
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be recovered as acetaldehyde; the remaining acet- 
aldehyde was converted to acetic acid. This result 
was obtained because of the very high concentration 
of lithium lactate used in these experiments; the 
large amounts of acetaldehyde formed could not be 
removed quickly enough from contact with the 
excess ceric sulphate, so that part underwent oxida- 
tion. When the concentration of lithium lactate was 
reduced 10-50 times, however, the theoretical re- 
covery of lactate as acetaldehyde was obtained. In 
Table 4 are shown results observed using a range of 
low lactate concentrations. The actual amounts 
taken are of the same order of magnitude as those 
found in protein-free filtrates from 1-0—1-5 ml. blood. 


Table 4. Recovery of low concentrations of 
lithium lactate as acetaldehyde 


(0-01n-Iodine titres corrected for blank estimations. 
Recovery given to nearest 0-5%.) 





Lithium 
lactate 0-01 N-Iodine (ml.) 
taken ant Recovery 
(mg.) Found Cale. (%) 
0-0625 0-128 0-130 98-5 
0-130 100 
0-1250 0-258 0-260 99 
0-262 101 
0-1875 0-390 0-391 100 
0-386 98-5 
0-2500 0-519 0-521 99-5 
0-524 100-5 


Gordon & Quastel (1939) recommended the use of a 
Schrédter flask for the oxidation of lactate to acetaldehyde 
and absorption of the latter in Na metabisulphite. This 
apparatus was employed at first in the present work, but 
poor recoveries, ranging from 18-0 to 87-5 %, were obtained. 
The impression was gained that the Schrédter apparatus 
used in these experiments (although other types may be 
more efficient) had three main disadvantages, viz. (1) acet- 
aldehyde could not be removed sufficiently quickly from 
contact with the ceric sulphate, (2) absorption of acet- 
aldehyde was incomplete and (3) the transference of Na 
metabisulphite from the absorption chamber to a more 
convenient titration vessel always resulted in some loss. 
The technique described earlier has none of these dis- 
advantages. 


(b) Effect of other substances on the lactate recovery. 
Gordon & Quastel (1939), using ceric sulphate as 
oxidizing agent, showed that lactic acid could be 
determined on protein-free filtrates from oxalated 
blood without a preliminary copper lime treatment 
to remove interfering substances. In the present 
method, however, lactate determinations have been 
made on blcod samples collected according to Long 

1944) for blood pyruvic acid. These contain large 
amounts of citrate as well as NaF and cetyltri- 
methylammonium bromide, so that it was necessary 
first to ascertain whether or not these foreign sub- 
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stances affected the lactate recovery. Recovery 
experiments were also made in the presence of 
added pyruvate and glucose. The results obtained 
are shown in Table 5. 


Table 5. Effect of additions on the 
lactic acid recovery 
(In Exps. 1 and 2, 0-125 mg. lithium lactate was present; 
in Exp. 3, 0-1875 mg. Iodine titres corrected for blank 


determinations.) 
0-01 n-lodine 


(ml.) Re- 

NN COVEY 
Uxp. Addition Found Cale. (%) 
1 00-0114 mg.* pyruvic acid: 0-260 0-260 100 
0-114 mg. pyruvic acid 0-257 0-260 99 
0-15 mg. glucose 0-260 0-260 100 
1-5 mg.* glucose 0-257 =0-260 99 
2 6-3 mg.* NaF 0-258 0-260 99 
25-2 mg.* citric acid 0-229 0-260 88 
0-236 0-260 91 
0-236 0-260 91 
3 25-2 mg.* citric acid 0-349 = -0-391 89 
0-355 0-391 91 
0-349 = 0-391 89 


* These amounts of added substance are of the same 
order of magnitude as those present in 1-5 ml. blood 
sample with ‘stabilizer’. 


Table 5 shows that only citric acid lowers the 
lactate recovery. This does not seem to be due to 
the reaction between citrate and ceric sulphate, 
with consequent reduction in Ce++++ concentration, 
since the results were obtained in the presence of a 
large excess of the oxidant. However, as will be 
shown later, the citrate present in protein-free 
filtrates from blood does not interfere. The effect of 
added cetyltrimethylammonium bromide could not 
be studied owing to the uncontrollable frothing 
which occurred. In protein-free filtrates from blood, 
this frothing does not take place since the haemolytic 
agent is largely removed in the deproteinization. 


Table 6. Recovery of lithium lactate 
added to blood samples 
(Equal volumes of blood, with and without known 
amounts of lithium lactate, were deproteinized as pre- 
viously described. Equal portions of the protein-free 
filtrates were estimated for lactic acid. Iodine titres are 
the mean of closely agreeing duplicates.) 


0-01 N-Iodine (ml.) 


pea 
Lithium With 


Lithium 

lactate No added lactate Re- 
added addi- lithium found covery 
(mg.) tion lactate Diff. (mg.) (%) 
0-075 0-435 0-583 0-148 0-071 94-5 
0-112 0-434 0-663 0-229 0-110 98 
0-125 0-382 0-640 0-258 0-124 99 
0-125 0-368 0-630 0-262 0-126 101 
0-125 0-377 0-632 0-255 0-122 97-5 
0-131 0-446 0-714 0-268 0-129 98-5 
0-187 0-431 0-821 0-390 0-187 100 
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(c) Recovery of lactic acid added to blood. In 
Table 5 it was shown that the addition of citrate 
to solutions of lithium lactate reduced the lactate 
recovery by about 10 %. This effect is not produced, 
however, by the same amount of citrate buffer 
present in blood samples; an explanation of these 
facts has not been found. As shown in Table 6, 
complete recovery is obtained on adding known 
amounts of lithium lactate to blood samples con- 
taining citrate. 


THE STABILIZATION OF LACTIC ACID 
IN BLOOD SAMPLES 


(a) Using a ‘Cetavlon’-citrate-NaF mixture. Long 
(1944) found that the pyruvate level of a blood 
sample could be stabilized for some weeks by collec- 
tion in a tube containing the following mixture— 
dried acid citrate buffer, pH 4-0, NaF and cety]l- 
trimethylammonium bromide (‘Cetavlon’). It has 
now been found that the same procedure prevents 
a rise in the lactate concentration of shed blood; the 
results obtained in a typical experiment (Table 7) 
show that any slight change in level which does 
occur is in the opposite direction. 

Table 7. Stability of the lactate level 
in shed blood 


(Blood samples treated as described by Long (1944). 
Preparation of protein-free filtrates described under ‘ Pro- 
cedure’. The iodine titres quoted below are averages of 
closely agreeing duplicates and refer to 3 ml. of centri- 
fugate, equivalent to 1-5 ml. blood sample. Blank estima- 
tions were made on 3 ml. 10% trichloroacetic acid.) 


0-01 n-Iodine (ml.) 
SS oe ; a f am e a 
Experi- mg./ mg./ 
mental 15 ml. 100 ml. 
0-444 0-187 12-5 
0-433 0-184 12:3 
0-431 0-182 12-2 
0-430 0-181 12-1 
0-440 0-185 12-4 


Blood lactic acid 


Time 
(days) Diff. 
0-416 
0-408 
0-405 
0-402 
0-412 


Blank 
0-028 
0-025 
0-026 
0-028 
iT 0-028 


(b) Comparison of (a) with an iodoacetate-NaF - 
oxalate mixture. Bueding & Goldfarb (1941) have 
shown that a mixture of 1% Na iodoacetate, 1% 
NaF and 0:2 % K oxalate stabilizes the lactic acid 
and glucose levels of shed blood for 4 hr. at 20°. 
Table 8 compares the stabilizing effect of this pro- 
cedure with that of Long (1944) over a period of a 
week at room temperature (12—20°). It will be seen 
that the ‘Cetavlon’-citrate-NaF method is superior ; 
in the iodoacetate method the fall in lactate level is 
quite appreciable. 

For this experiment, Na iodoacetate was prepared as 
follows. Iodoacetic acid was dissolved in the minimum 
amount of distilled water and treated with 40% NaOH to 
pH 6-0; acetone was added and the precipitate of Na 
iodoacetate twice recrystallized from aqueous acetone. 
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Table 8. Stabilization of the blood lactate level using 
the iodoacetate-oxalate-NaF anid ‘Cetavlon’ -citrate- 
NaF methods 


(The iodine titres refer to 1-2 ml. blood and are corrected 
for blank determinations. The lactic acid level in mg./ 
100 ml. blood is thus found by multiplying this titre by 
37-5 (=0-45 x 100/1-2). The average of duplicate estima- 
tions is quoted.) 


‘Cetavlon’-citrate- 
NaF method 
ath 


Todoacetate-oxalate- 
NaF method 





c _ a 
0-01ln- Lactic acid 
Iodine (mg./ 

(ml.) 100 ml.) 
0-282 10-6 
0-282 10-6 
0-278 10-4 
0-271 10-2 


oe ‘ 
0-Oln- Lactic acid 
Iodine (mg./ 
(ml.) 100 ml.) 
0-292 10-9 
0-278 10-4 
0-270 10-1 
0-255 9-6 


THE STABILIZATION OF GLUCOSE 
IN BLOOD SAMPLES 


The methods of blood collection of Bueding & 
Goldfarb (1941) and of Long (1944) have been tested 
for their ability to stabilize the glucose level of blood 
samples for several days. The results obtained are 
shown in Table 9, from which it appears that more 
consistent results are obtained by the latter method. 
Glucose was estimated by the procedure of Folin & 
Wu (1920). It should be mentioned that a difficulty 
arises when the method of Bueding & Goldfarb is 
used, namely, that on adding the phosphomolybdie 
acid reagent a turbidity develops which seems not 
to disappear completely on dilution. It is possible, 
therefore, that in the Spekker absorptiometer, which 
was used for the final colour determination, the 
turbid solution absorbs too much light, thereby 
giving too high a value for the glucose concentration. 


Table 9. Stabilization of the blood glucose level 
(Glucose determined by method of Folin & Wu (1920).) 
Glucose (mg./100 ml. blood) 
— 





+ 


do 
Method of 

Bueding & Method of 
Goldfarb (1941) Long (1944) 

89 96 

89 97 

91 99 

100 97 


Days 


SUMMARY 


1. Acetaldehyde, formed from lactic acid by oxi- 
dation with ceric sulphate, is itself slowly oxidized 
by excess Ce++++ at 50-60°. This secondary oxida- 
tion can be prevented by removal of the acetalde- 
hyde from the reaction mixture in a current of air. 

2. Asaresult of these and other findings, a simple 
apparatus has been devised for the estimation of 
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lactic acid. A series of such estimations can be 
carried out simultaneously. 
3. In blood samples, the lactic acid and glucose 
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levels can be stabilized by the use of cetyltrimethyl- 
ammonium bromide, acid citrate buffer and NaF, 
as previously described for pyruvic acid in blood. 
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Ionophoresis in Silica Jelly 
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As long ago as 1909, Ikeda & Suzuki separated 
amino-acids into acid, neutral and basic fractions 
by ionophoresis in a three compartment diaphragm 
cell, and this method has been followed with various 
modifications by numerous investigators. However, 
certain inherent difficulties still remain to be over- 
come: (a) complete separations have not so far been 
obtained in one operation, (b) except where a soluble 
anode is used, decomposition of the acidic and 
perhaps neutral fractions occurs at the anode, 
(c) cystine in the cathode compartment will be 
reduced and reduction of other amino-acids may 
occur (Gawrilow, Paradashvili, Balabouha-Popzova 
& Ljapounzowa, 1938), (d) maintenance of the 
appropriate pH is troublesome. The method has, 
however, proved suitable for the quantitative sepa- 
ration of the basic from the neutral and acidic acids. 
The separation of substances of small differences in 
mobility at a given pH is impracticable in a dia- 
phragm cell. Martin & Synge (1945) have discussed 
the diaphragm cell in some detail and give a biblio- 
graphy. 

In an attempt to avoid these difficulties we have 
developed a method in which ionophoretic separa- 
tions take place in a slab of jelly. The substance to 
be investigated is inlaid in a gutter cut at right 
angles to the slab. The function of the jelly is to 
prevent convection of the electrolyte thus obviating 
the need for diaphragms and in addition, to prevent 
contact of the amino-acids with the electrodes. 
Convection, in the absence of diaphragms, may also 
be prevented by a density gradient, as in the Tiselius 
apparatus for the electrophoresis of proteins. Since, 
in this type of apparatus, the density gradient is 
provided by the substances under investigation, 


complete separations into separate bands cannot be 
obtained and the analysis is conducted by the obser- 
vation of fronts. Complete separations would per- 
haps be possible if the density gradient were pro- 
vided by an inert substance (e.g. sucrose) to stabilize 
the column. Attempts have also been made to 
control convection by conducting the electrophoresis 
of proteins in a tube packed with glass powder 
(Coolidge, 1939). When jelly is used, no special 
precautions need be taken to maintain a constant 
temperature. 

Because there is a swamping concentration of 
electrolyte throughout the slab the substances being 
analyzed can move independently and separate into 
discrete bands. Since the movement of the bands is 
proportional to the time of running, and their 
widening by diffusion is only proportional to the 
square root of the time, substances having relatively 
small differences in mobility can be separated from 
one another. In order to minimize the effects of 
diffusion it is desirable to use the highest possible 
potential gradient. This is limited by the difficulty 
of providing adequate cooling. The compromise 
which we have adopted has been the use of a thin 
slab of jelly set in a water-cooled glass trough, the 
breadth of which may be varied according to the 
amount of material to be analyzed. The apparatus 
is made of plate glass and its construction requires 
no special skill. The electrodes consist of a brass 
cathode and a carbon anode resting in the ends of 
the trough. Spaces between the electrodes and the 
slab of jelly are perfused with suitable electrolytes. 
These solutions are chosen so as to prevent changes 
arising in the jelly. Throughout the range of pH 
values which we have used (2-9), we have always 
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observed that electroendosmosis is towards the 
cathode. It is important that the ionic strength of 
the inlay be close to that of the jelly, otherwise 
differences in the rate of electroendosmotic flow 
along the length of the slab can cause sweating at 
the region where there is decreasing rate of flow. 
Conversely, in a region of increasing rate of flow, a 
more or less shallow depression is formed owing to 
concentration of the jelly. Similarly, if the anode 
perfusion liquor is much different in pH or ionic 
strength from that of the jelly, depressions or 
sweating of the surface will occur. These can be 
almost entirely prevented by using a solution con- 
taining the same ions as in the jelly at a slightly 
higher pH and concentration: where the jelly is 
neutral and electroendosmosis is slow, the nature 
of the anion is found to be unimportant as pre- 
sumably it is not drawn into the jelly under these 
conditions. The composition of the cathode solution 
is not so critical, as the electroendosmotic flow is 
into this compartment. The nature of the cation is 
unimportant. The concentration and pH of this 
solution should be lower than that of the jelly. If, 
on the other hand, as in one of our methods, the 
jelly is set in contact with a glass lid, it is desirable 
that the perfusion liquids should be identical with 
the electrolyte in the jelly, since, in this case, 
sweating and contraction are equally to be avoided. 
Both perfusion solutions are run past the electrodes 
at a rate high enough to prevent more than slight 
changes in their pH values. In this way, the pH of 
the jelly remains uniform and practically unchanged 
throughout the separation. 

The progress of the separation may be followed 
by ‘printing off’ on to filter paper which is treated 
with ninhydrin. The prints show bands correspond- 
ing in positions to those of the amino-acids in the 
jelly. These bands, except where method (B) has 
been used, have always been of uniform width and 
at right angles to the trough. As soon as prints have 
shown a clear white space between the bands, it has 
always been possible to separate the amino-acids 
without mutual contamination by cutting the jelly. 

Choice of electrolyte. In general, the electrolyte 
used in the jelly must be a buffer. In the particular 
case, however, where the substances to be separated 
are almost entirely charged or uncharged (i.e. acids 
or bases not within their range of dissociation), 
non-buffering electrolytes may be employed. If, 
however, an attempt is made to use a slab of jelly 
containing a non-buffering electrolyte with material 
in the inlay which contains a weak acid or base at 
a pH near its pK, pH changes, which may be very 
large, occur on either side of the band of the partially 
dissociated substance. These pH changes result from 
the movement of the anions away from the undis- 
sociated acid. Some of the undissociated molecules 
left behind ionize, releasing hydrogen ions and some 
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of the ions which have been moved recombine with 
hydrogen ions. Thus, a stream of hydrogen ions is 
produced at the back of the band (cathode side) 
while the front of the band (anode side) becomes 
more alkaline. Similarly, the front (cathode side) 
of a weak base band becomes more acid and the 
back (anode side) becomes more alkaline. Such 
changes interfere, of course, with the desired sepa- 
rations and can be limited to small values if the 
electrolyte consists of a buffer; if the pK of the 
buffer ion is close to that of the partially dissociated 
substance, pH changes are negligible. 

Where agar is employed as the jelly there is, of 
course, no difficulty in incorporating any desired 
buffer. It is, however, very difficult to separate 
completely the amino-acids from the agar when the 
ionophoresis is finished. Amino-acids are readily 
separated from silica jelly, but since we have made 
the latter from sodium silicate by the addition of 
acid, the slab, as originally made, always contains 
sodium. When, therefore, an electrolyte containing 
no sodium is desired, the slab is washed after setting, 
in a slow stream of the desired electrolyte, until free 
from undesired ions. Silica jelly suffers from the 
further disadvantage that it is mechanically weak 
and rather brittle, and thus liable to crack after loss 
of water by evaporation. The addition of paper 
powder greatly increases its mechanical strength, 
thereby helping to prevent cracking or mechanical 
damage. 

It is also desirable to choose an electrolyte which 
can easily be removed from the amino-acids after 
ionophoresis. This can be achieved by using volatile 
electrolytes, e.g. ammonium acetate, sparingly 
soluble electrolytes, e.g. borax, or precipitable 
electrolytes, e.g. CaCl,. 

Where the separation does not depend upon a 
difference in mobility of less than 0-76 x 10-4 cm.?/ 
volt sec. (i.e. not more difficult to separate than 
alanine and methionine), an open trough is satis- 
factory. Any syneresis liquid which might otherwise 
flood the surface of the jelly is evaporated by 
allowing arise in temperature. As a result, however, 
it is impossible to continue the experiment for more 
than a few hours as the jelly becomes so dry that it 
is liable to crack. Strengthening the jelly with paper 
powder will eliminate this cracking except at the 
joint between the gutter and the main slab, and will 
delay it here. An attempt to overcome this loss of 
water by laying on a glass lid after the jelly had set 
was, indeed, sometimes successful, but often sweat- 
ing and syneresis caused mixing, and unpredictable 
movements of the substances took place. Control 
experiments with dyestuffs showed that to minimize 
these effects, it was desirable to leave the lid in place 
for an hour before the potential was applied. This 
allowed the jelly to be deformed until it was in inti- 
mate contact with the glass lid, and reduced un- 
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wanted flow of liquid. A more satisfactory method 
for long runs is to set the jelly beneath a lid already 
in place. The jelly appears to stick to the glass firmly 
enough to prevent syneresis or sweating, even under 
rather unfavourable conditions as, for instance, 
when the salt concentration in the gutter is three- 
quarters or twice that in the main body of the jelly. 
The method, unfortunately, prevents the washing 
of the jelly to change the nature of the electrolyte, 
e.g. to a volatile salt. 

We recommend that the gutter should be filled 
with jelly of the same ionic concentration as the 
main slab. Where the ionic concentration of the 
solution containing the substances to be separated 
is comparable with that of the electrolyte in the 
main slab of jelly, it is advisable to reduce the 
silicate concentration of the gutter jelly so long as 
a reasonable setting time is retained. It was, how- 
ever, found possible, when using low current den- 
sities on the uncooled trough, to use paper powder, 


saturated with the liquid to be analyzed. In spite 


of its greater convenience, we were forced to abandon 
its use when the optimum current densities were 
employed in the cooled trough, as its resistance was 
liable to become excessive. 


THEORY OF IONOPHORETIC 
SEPARATIONS 


Consider two acids HA and HB, with dissociation 
constants K, and K, and ion mobilities u, and u,. 
Then the net mobility of HA, i.e. the mobility as 
determined from the movement of a band of the 
acid in an ionophoretic apparatus will be: 


. Ug[A-] _ UK, 


* [HA]+[4-] [H+]+K,’ 


(Net mobility is the mobility of the ion constituent 
as defined by MacInnes (1939). It does not seem 
to have been named previously.) 

From the point of view of separation we are 
interested in the difference in net mobility, 


a 
([H*+]+K, [H*]+K, 

It can readily be shown that the difference in net 
mobility is a maximum when: 


‘ee Je / Ka 

a 

, a 
(ede < Ky 
1 [a 


U,- U.= 


[H+] =(V/ (Ka Ky) 


or pH= pK, ; PRY | 
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When K,>K, (i.e. pK,<pK,) and except when 
K,/K, lies between the values of u,/u, and u,/u,, 
and if the optimum pH be used, the maximum 
difference in net mobility may be shown to be 


Ug Ka 1 , 
Mo Up K, = 
K,/K,—1 ; 


Fig.l shows (U,— U,)/u, plotted against pK, — pK, 
for various values of u,/u,, and the intersecting 
family of lines shows the pH which must be em- 
ployed. Equation for pH lines is 


Us—U, - K,/Ky-1 __ 


uy (1+[H*]/K,)*" 

It is not important that these pH values should be 
exactly followed; 0-1 pH unit makes little difference 
to U,—U,. Further, in the region where pH= 
pK, + © is shown, there is little advantage in going 
beyond pH=pK,+2. This applies also to the left 
of this line where the separation depends only on 
the difference in ion mobility. It is, of course, also 
possible in the case of substances in which u,/u, is 
low, by working at a high pH, to separate them in 
the opposite direction to that shown in Fig. 1, using 
only the ion mobility difference. 

The sign convention adopted in Fig. 1 is suitable 
for the separation of anions, i.e. the acid with the 
greater pK must be called HB. For the separation 
of cations, the base with the greater pK must be 
called A, and to determine the optimum pH, the 
sign of the addition to pK, must be reversed. This 
rule holds also for ampholytes. Thus, in separating 
glycine and serine in alkaline solution, the ions are 
anions and pK, must be greater than pK,, even 
though the separation depends on differences in the 
dissociation constants of the amino groups. 

Figures for mobilities of most amino-acids are not 
available. An estimate may be made, however, by 
assuming them to be the same as the corresponding 
hydroxy (or fatty) acid; an extensive table of such 
values is given in the International Critical Tables. 
A correction must be made for the reduced mobility 
in the relatively strong solution of electrolyte. We 
have assumed that 

No acid — Ao H ion A, electrolyte 


— 96,500 — A, electrolyte’ 


i.e. the assumption is made that the ratio of the 
mobilities (of the substances to be separated) at 
infinite dilution and in the electrolyte actually used, 
is the same as the ratio of the equivalent conduc- 
tances of the electrolyte at infinite dilution and at 
the concentration used. 





(U,- U,)= 





Agreement of theory and experiment 
No experimental verification of the preceding 
theory has been attempted. Our apparatus was not 
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suitable for accurate measurements of the mean 
temperature of the jelly, nor was it easy to obtain 
a good estimate of the mean potential gradient 
throughout the course of the experiment, because 
there was a rather large and unknown drop in 
potential between the electrodes and the jelly. 
Further, in the case of the open trough experiments, 
owing to surface evaporation, an unknown increase 
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Exp. B1. In the separation of glutamic and 
aspartic acids the mobilities estimated at infinite 
dilution and 25° (from International Critical Tables) 
are respectively 2-9 and 3-2 x 10-4 em.?/volt sec. If 
we allow a reduction of 15 % to bring the tempera- 
ture to 18°, and 36% for working in 0-25Mm-phos- 
phate, the expected mobilities are 1-86 and 2-05 
x 10-4 em.?/volt sec. 
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Chart showing difference in net mobilities of two acids, for a given difference in pK and given ion mobility ratio, 


when separating at the optimum pH, the value of which is given by the intersecting family of lines. 


occurred in the concentration of the electrolyte in 
the jelly; moreover, the effect of electroendosmosis 
caused the more concentrated anode solution to run 
into the jelly. The former makes the mobility diffi- 
cult to estimate and the latter upsets the potential 
gradient. The distance that the electrolyte has been 
moved by electroendosmosis has also to be estimated 
if a comparison of measured and theoretical mobili- 
ties is to be made. We have estimated this by the 
movement of neutral amino-acids at neutral pH, 
and by the movement of depressions or lines of 
sweating at other pH values. 


The movement of the electrolyte by electro- 
endosmosis was estimated to be 51-5 em. Therefore 
the movement of the glutamic acid band was 
33 + 51-5= 84-5 cm., and of the aspartic acid band 
42-5+51-5=94-0cem. Assuming a linear drop of 
potential between the electrodes, which were 53 cm. 
apart, the product of potential gradient and time 
was 4-89 x 10° volt sec./em. 

From these figures the measured mobilities are 
1-73 and 1-92 x 10-4 em.?/volt sec. The ratio of the 
mobilities, a figure unaffected by errors of estimation 
of potential gradient or allowance for slowing effect 
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of the high concentration of phosphate, is calculated 
1-10, measured 1-11. The differences in mobility, 
figures unaffected by errors of estimation of electro- 
endosmosis, are calculated 0-19 x 10-4 and measured 
0-19 x 10-4 em.?/volt see. 

Exp. A3. In the separation of methionine and 
alanine, assuming for the former, w= 2-06 x 10-4 
and pK=9-21, and for the latter, w= 2-67 x 10-4 
and pK =9-87, the net mobilities calculated for a 


For a mean value of unity, the r.m.s. value for smooth 
current is 1-00, for full wave, rectified, sinusoidal current, 
1-11, and for half wave, rectified, sinusoidal current, 1-56. 
Also, except with smooth current, meter readings must be 
treated with caution, as moving coil instruments give mean 
values and moving iron or hot wire instruments give r.m.s. 
values. 

The trough. This is constructed of } in. plate-glass. The 
sides and ends consist of strips of such glass, smeared with 
vaseline and clamped in place. We have experienced no 
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Fig. 2. Plan and cross- 


temperature of 25° and pH 9-4 are 1-25 and 0-55 
x 10-4 em.?/volt sec. 

The movement of the electrolyte by electro- 
endosmosis was 7-1 em. Therefore the methionine 
moved 7-1—1-0=6-1 em., and the alanine 7-1 — 4-2 
= 2-9 em.; giving measured mobilities of 1-05 x 10-4 
for methionine and 0-50 x 10-4 em.?/volt sec. for 
alanine. The ratio of mobilities was 2-3 (calculated) 
and 2-1 (measured), and the difference of mobilities 
was 0-70 (calculated) and 0-55 (measured). These 
differences between theory and experiment are well 
within the expected error. 


EXPERIMENTAL 


Source of electricity. It is undesirable to use unsmoothed, 
rectified, alternating current. The rate of movement of ions 
is proportional to the mean potential gradient, and the heat 
produced, to the square of the r.m.s. potential gradient. 





section of apparatus. 


trouble from leakage. The trough rests on a similar but 
longer trough through which water may be circulated to 
provide cooling. The plan and cross-section with dimensions 
are shown in Fig. 2. The glass is bored at A, B and C to 
provide exit holes for the electrode perfusing solutions and 
for the cooling water. The tube, which carries away the 
water at C, protrudes } in. above the bottom of the cooling 
trough. This is necessary to maintain the proper water level 
in this trough. We have found, however, that a sufficient 
depth of solution is maintained in the anode and cathode 
compartments without the use of such tubes. 

Perfusion solution supply. A suitable rate of drip may 
be maintained by siphoning the solutions through long 
capillary tubes connected to Mariotte bottles. Glass bars, 
resting on small pieces ot microscope slides, are placed in 
front of the electrodes as shown in Fig. 2. These direct the 
flow of electrolyte away from the jelly, thereby preventing 
undesirable ions, produced at the electrodes, reaching the 
jelly. This arrangement, which was found to be an improve- 
ment, was used only in the separation of glutamic and 
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aspartic acids (Exp. B1), which was the last experiment 
to be conducted. 

Preparation of paper powder. Whatman ‘Accelerator’ 
paper (170 g.) was broken up and thoroughly stirred with 
n/10-HCl (1-5 1.). The mixture was allowed to stand for 
4 hr. after which the acid was removed and the treatment 
repeated. After filtration, the paper was thoroughly washed 
with water until the washings were no longer acid to methyl 
red. The paper was dried at 90-100°, then powdered by 
crushing by hand in a canvas bag using rubber gloves, and 
finally passed through a 30-mesh sieve. The powder thus 
obtained gave no reaction with ninhydrin. 


Method A. Jelly uncovered. Suitable for short runs 


Exp. Al. Separation of a wool hydrolysate into acid, basic 
and neutral fractions. Commercial water glass (cf. Gordon, 
Martin & Synge, 1943) was diluted approximately twice 
with water and filtered to give a 4-3N- solution with respect 
to alkali. 28 ml. of this solution were diluted to 350 ml. 
with water and 60 ml. of approximately 1-6mM-H,PO, solu- 
tion added until the pH was just above 7 (blue-green to 
bromthymol blue). This solution was poured into the trough 
and allowed to set. The ends of the jelly were cut away to 
provide compartments for the electrodes (see Fig. 2). 
A gutter, 1 cm. wide, was now cut out, 23 cm. from the 
anode and on the anode side of the middle to compensate 
for electroendosmosis. The hydrolysate was a solution con- 
taining 5 mg. N/ml., obtained by refluxing wool with 6N- 
HCl for 24 hr., removing excess HCl in vacuo and diluting 
with water. The hydrolysate (1 ml.) was made to 5 ml. 
with sufficient of the above silicate and phosphoric acid 
solutions to give the same Na* concentration and pH as 
that of the main jelly. The gutter was filled to the brim 
with this solution which then set in about 5 min. After the 
electrodes had been put in place, the perfusion was started. 
A solution of Na,PO, and Na,HPO,, which was grey-blue 
to thymol blue and N/3 with respect to Nat, was used for 
the anode compartment. The cathode perfusion liquor was 
N/8 NaH,PO, brought to pH 6-5 (green to bromthymol 
blue) with NaOH. Next, a potential of 68 volts was applied 
which produced a current of 90ma. After 4 hr. the voltage 
was raised to 190, giving a current of 430ma. At this point 
the cooling water was turned on. After a further 250 min. 
the current was stopped and a print was taken by laying 
a strip of dry filter paper along the length of the jelly, 
allowing it to become saturated, removing and drying. The 
strip was sprayed with ninhydrin solution (0-1% in n- 
butanol) and again dried for 5 min. at 100°. Three purple 
bands appeared, one 3-5 cm. wide had moved 3 cm. towards 
the anode. (The movement of all bands is measured from 
the centres of the bands.) The second band was 2-7 cm. 
wide and had moved 4cm. towards the cathode. The 
trailing edge of this band appeared yellow, perhaps due to 
proline, which always gives a yellow colour with ninhydrin. 
The third band was 1-8 cm. wide and had moved 7:8 cm. 
towards the cathode. A second print was now taken as 
above, but after the first drying, it was sprayed with 0-14% 
solution of «-naphthol in 0-5n-NaOH. This was partially 
dried off and then the paper was resprayed with a concen- 
trated solution of NaOCl. A single red band appeared, 
identical in position with the third ninhydrin band. This 
was presumably due to arginine (Sakaguchi, 1925). 
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By reference to the prints, the jelly was cut into three 
sections which were each thoroughly mixed with 10 g. of 
paper powder in beakers. After standing overnight in vacuo, 
the dry powders were tightly packed into 1-5 cm. diameter 
glass tubes and extracted chromatographically with about 
30 ml. each of water. These solutions were reduced to small 
volume in vacuo, cooled in ice water and filtered from most 
of the sodium phosphate. The fractions were then tested 
by partition chromatography on Whatman no. 4 paper 
(Consden, Gordon & Martin, 1944), using s-collidine for the 
cathode band and phenol-coal gas-NH, for the anode. In 
this and all subsequent tests, where partition chromato- 
graphy on paper was used, except where the two-dimen- 
sional technique was employed, the appropriate amino-acids 
were run parallel as controls. The cathode band was found 
to contain lysine and arginine only and the anode band 
aspartic and glutamic acids only. A two-dimensional chro- 
matogram was performed on the material from the middle 
band, using s-collidine in one direction, followed by phenol- 
coal gas-NH, in the other. No spots corresponding to basic 
or dicarboxylic acids were found, whilst those for the 
neutral amino-acids of wool were all present. 

Exp. A2. Separation of glycine and serine. The jelly for 
this separation was made up as follows: 4-3 N-sodium silicate 
(25 ml.) was made to 300 ml. with water and hot boric acid 
solution (about 90 ml. of 12% (w/v)) was added until the 
pH was 9-2 (blue-grey to thymol blue and faint blue to 
thymolphthalein). The jelly was allowed to stand overnight 
before cutting out the compartments. No syneresis was 
observed. A solution was made up containing 1 mg. each 
of glycine and serine per ml., with the same concentration 
of sodium silicate and boric acid and the same pH as that 
of the rest of the jelly. The central gutter, 1 cm. wide, was 
filled with 7 ml. of this solution and allowed to set. The 
anode was perfused with saturated borax solution and the 
cathode with n/8 borax solution. A potential of 180 volts 
was applied causing the passage of a current of 300ma. 
Slight sweating was observed on the cathode side of the 
inlay, but after about } hr., this had dried off, so the cooling 
water was started. After 6 hr. a print was made, using the 
same ninhydrin solution as above but with the addition of 
0-02 ml. concentrated HCl per ml. This revealed two bands 
4 cm. apart and each about 2 cm. wide. Both had moved 
towards the cathode, one had moved 4-7 cm. whilst the 
other had moved only 0-5 cm. A second print was made 
and developed by spraying with a solution made by adding 
Nessler’s reagent to solid periodic acid until the precipitate 
first formed just redissolved. (This method was suggested 


to us by Dr R. L. M. Synge.) A dark brown band slowly - 


appeared, corresponding exactly in position with that of 
the slower band of the ninhydrin print. As this test is given 
by serine and not by glycine, serine was present in the 
slower band and absent from the faster. The jelly corre- 
sponding to each band was cut out and extracted as de- 
scribed above, and the concentrated extracts were tested 
by partition chromatography on paper using phenol-cupron 
as solvent. This revealed that the slower band contained 
serine only and the faster band glycine only. 

Exp. A3. Separation of methionine and alanine. The jelly 
for this separation was made up similarly to that described 
in Exp. A2 except that the pH was slightly higher (9-4, 
glass electrode). The solution for the gutter which was the 
same as the body of the jelly as regards pH, silicate content 
and ionic concentration, contained 6 mg. each of alanine 
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and methionine. The electrode perfusion solutions were 
similar to those in Exp. A2 above. A potential of 180 volts 
was applied which produced a current of 200ma. Some 
sweating occurred on the inlay and this line of droplets 
travelled towards the cathode. Some flooding occurred at 
the surface of the jelly near the anode which was not pre- 
vented by adding solid borax to the anode compartment. 
This flooding was controlled by mopping off occasionally 
with strips of filter paper. After about 1 hr., the cooling 
water was started and after 4} hr. the current was stopped. 
A print developed with acidified ninhydrin solution showed 
the presence of two bands, 2 em. wide, both on the cathode 
side of the gutter, one having moved 4-2 cm. the other 
1-0 cm. The distance between the centre of the bands was 
32cm. Another print was taken and developed with 
sodium iodoplatinate solution, freshly prepared from equal 
parts of 0-17% PtCl, and 0-83% Nal. (This reaction seems 
to have possibilities for the analysis of the S-containing 
amino-acids.) A yellow band appeared immediately corre- 
sponding in position to the slower band of the ninhydrin 
print, confirming the presence of methionine. A second 
yellow band, corresponding with the faster band of the 
ninhydrin print appeared more slowly and consistent with 
the presence of alanine. From the movement of a depression 
it was estimated that electroendosmosis had moved the 
electrolyte 7-1 cm. towards the cathode. 

The jelly was then cut up into two sections corresponding 
with these bands, extracted as in Exp. Al and the concen- 
trated filtrates tested by partition chromatography on paper 
using both n-butanol and phenol-cupron as solvents. The 
slower band was shown to be methionine only, whilst the 
faster band was alanine only. 


Method B. Suitable for difficult separations. 
Jelly completely enclosed 


Exp. B1. Separation of qlutamic and aspartic acids, 
making use of their difference in ion mobilities. The jelly for 
this separation was made up similarly to that used for 
Exp. Al except that before setting, two pieces of glass 
3-0 and 42-5 em. long respectively were lowered into the 
trough and allowed to rest on a line of microscope slides 
placed end to end along the edges of the trough. This ar- 
rangement gives a slab of jelly, 1-4 mm. thick and 10-2 cm. 


wide. Bubbles were readily avoided by placing one end of . 


each lid in the liquid and gently lowering the other. A space, 
1 em. wide, was left between the lids and after setting, the 
jelly was cut out from here. A solution containing 2 mg. 
each of aspartic and glutamic acids and similar in all other 
respects to the rest of the jelly was run in. To prevent the 
solution wetting the edges of the lids, these were previously 
slightly greased with vaseline. When the inlay solution had 
set, it was covered with a 1 cm. wide glass bar and the joints 
were sealed with vaseline. Both anode and cathode com- 
partments were perfused with sodium phosphate solution 
of the same normality and pH as in the body of the jelly. 
The cooling water was started and a potential of 180 volts 
was applied for 1 hr. The voltage was then raised to 270 
for 26 hr. producing a current of 150ma. The lid was slid 
off transversely after first removing one side of the trough, 
and a print was taken and developed with acidified nin- 
hydrin solution. Two bands were revealed, each 5 cm. wide, 
which had moved 33 and 42-5 cm. respectively towards the 
anode. The jelly was cut into two sections corresponding 
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with these bands and extracts as described above. The 
filtrates were tested by partition chromatography on paper, 
using phenol-coal gas-NH,. The faster band consisted of 
aspartic only, the slower, of glutamic acid only. 

Exp. B2. Separation of lysine and histidine. The jelly 
for this separation was made up similarly to that used in 
Exp. Al except that n-HCl was used instead of H,PO, 
and the pH was brought to 6-6 (yellow-green to bromthymol 
blue). The lids were inserted as in Exp. B1 except that they 
were reversed to give a gutter near the anode. A solution 
containing 2 mg. each of the monohydrochlorides of lysine 
and histidine and similar in all other respects to the rest 
of the jelly, was run in. After setting, this was covered and 
sealed as in Exp. B1. The anode compartment was perfused 
with 0-5n-Na,CO, and the cathode with 0-5n-HCl. An 
uncooled trough, 56 cm. long, was used for this separation. 
A potential of 100 volts was applied for 7 hr. giving a current 
of 200ma. Next, the lids were removed and a print was 
taken. On development with ninhydrin, two bands ap- 
peared, one immediately and the other, nearer the middle, 
after an hour’s delay. This delay is consistent with the 
behaviour of histidine which does not give such a satis- 
factory reaction with ninhydrin as most of the amino-acids. 
Both had moved towards the cathode, one having travelled 
7-8 cm. and the other 23cm. A second print was taken 
and sprayed with diazotized sulphanilic acid (0-1-0-2% in 
n-Na,CO; solution) (Pauly, 1904). An immediate red colour 
appeared corresponding in position to the slower band. The 
jelly was cut into two sections corresponding with the bands, 
dried and extracted. The concentrated solutions were tested 
by partition chromatography on paper using s-collidine as 
solvent. Lysine was found only in the faster band. No spot 
corresponding to histidine appeared with ninhydrin, perhaps 
owing to the presence of salt. However, on spraying with 
the diazo reagent, the strip from the slower band gave a 
red spot in the expected position whereas that from the 
faster band gave no colour. The remainders of both solutions 
were also tested with the diazo reagent, that from the slower 
band gave a strong red colour and that from the faster 
remained unchanged, confirming the absence of histidine 
in this fraction. 


Method C. Experiments using a volatile electrolyte. 
Glass lid laid on jelly after setting 

Exp. C1. Separation of glycine and glycylglycine. The 
jelly for this separation was made up similarly to that used 
in Exp. B2 above, but it was set in an uncooled trough 
120 cm. long and 15 em. wide. A solution of (NH,),CO, 
(x/2) was allowed to run slowly over its surface for 17 hr. 
A glass cover resting on the edges of the trough but not in 
contact with the surface of the liquid, prevented evapora- 
tion. This washing sufficed to reduce the Cl- concentration 
of the jelly to negligible proportions (AgNO, test on excised 


: portions) and to bring its pH to about 9-2. Next, the trough 


was slightly tilted to allow draining. When this was com- 
plete, a gutter 8 mm. wide was cut out and filled with 1-8 ml. 
of a solution containing 35 mg. of glycine and 65 mg. of 
glycylglycine and brought to pH 9-2 with NH,. Sufficient 
paper powder was now added to the gutter to pack it level 
with the surface of the jelly. A rectangular piece of plate 
glass, the same length as, but 2 mm. narrower than the 
jelly, was then carefully laid on the surface and pressed 
firmly home. Both anode and cathode compartments were 
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perfused with n/2 (NH,),CO, solution. Next, a potential 
of 170 volts was applied for 41 hr. producing a current of 
120ma. After removal of the lid, a print was taken which 
on development with ninhydrin revealed one orange-yellow 
band, 6 em. wide, which had moved 22 cm. towards the 
anode and two purple bands 7 and 6 cm. wide which had 
moved 5-5 and 12-0 em. respectively towards the cathode. 
The jelly was cut into three sections corresponding to these 
bands, mixed with paper powder and dried in vacuo over 
H,SO, and soda lime to remove (NH,),CO;. The extracts 
were tested by partition chromatography on paper using 
s-collidine as solvent. The presence of glycylglycine and 
absence of glycine in the material from the anode band was 
shown both by the characteristic colour (orange-yellow, later 
turning to purple), given by glycylglycine in the ninhydrin 
reaction and the position of the spots. That the other two 
bands contained nothing but glycine was similarly shown 
by mixed chromatograms of these materials with glycine. 
The existence of two glycine bands is attributable to the 
movement of liquid between the surface of the jelly and 
the glass lid. 

Exp. C2. Separation of cysteic from aspartic and glutamic 
acids. For this separation an uncooled trough, 56 cm. long 
and 15 em. wide, was used. The jelly was made up similarly 
to that used in Exp. B2 but it was strengthened by the 
incorporation of paper powder. 60g. were placed in the 
trough which was then filled with silicate solution and 
vibrated horizontally to ensure even distribution of the 
paper throughout. After setting, the jelly was treated as 
in Exp. Cl, except that n/50 HCl was used as the wash 
liquor. The gutter, 8 mm. wide was filled with a solution 
(2 ml.) containing 10 mg. each of cysteic, aspartic and glu- 
tamic acids dissolved in n/50 HCl. Paper powder was added 
and the glass lid was laid on as in Exp. Cl. Both anode 
and cathode compartments were perfused with n/50 HCl. 
A potential of 100 volts was applied for 17 hr. producing 
a current of 50ma. After removal of the lid, a print was 
taken which on development with ninhydrin revealed two 
bands, one 10 em., and the other 4-5 em. wide. The broader 
band had moved 10cm. towards the cathode, while the 
narrower band had moved 3 cm. towards the anode. The 
jelly, corresponding to these bands, was cut out, dried and 
extracted and the eluates were tested by partition chromato- 
graphy on paper, using phenol-coal gas-NH, as solvent. 
The material from the anode band was found to be cysteie 
acid only; that from the cathode band was aspartic and 
glutamic acids only. 


DISCUSSION 


The ionophoretic method described above is suitable 
for the separation of substances by reason of differ- 
ences either in their ion or in their net mobilities. 
It is not primarily concerned with the presence or 
absence of a positive or negative charge on the 
molecule, but with its mobility. In this it differs 
essentially from ionophoretic methods used hereto- 
fore. In illustration, it may be pointed out that 
the isoelectric point does not occupy any special or 
favoured place. In fact, the ‘neutral’ amino-acids 
with considerable differences of isoelectric point, 
e.g. tyrosine pl 5-63, proline pI 6-3, could not in 
any apparatus be made to separate at a pH near 
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their isoelectric points because the net mobility of 
these acids at this pH is negligible. On the other 
hand, at the optimum pH the separation would be 
extremely easy. Williams (1935) has maintained a 
pH gradient between the eiectrodes, and suggests 
that substances will move towards the region corre- 
sponding to their isoelectric points. The small 
mobility of many substances near their isoelectric 
point would account in part for the lack of clear-cut 
separations by this method. 

Since either ion or net mobility is the basis of 
separation, there is an almost unexplored field of 
separations based on ion mobilities (cf. Kendall, 
1942). In addition, anciilary means are available 
to alter mobilities differentially, as, for example, 
by treatment with formaldehyde or sulphurcus acid 
(producing S-cysteine sulphonic acid). Many other 
possible compounds or complexes can no doubt be 
profitably used in this way. 

With increasing size of molecule the silica must 
inevitably prevent movement of the molecule or 
ion, but it is probable that a molecular weight of 
several thousand may be used successfully. It is to 
be noticed that since the mobility is equally invoived 
in diffusion and movement in an electric field, the 
small mobility of large molecules does not hinder 
the separation appreciably, since the bands stay 
correspondingly narrower owing to reduced diffu- 
sion. 

Adsorption of the substances on to the silica 
would, of course, be a complicating factor if it 
occurred and could increase or decrease the separa- 
tions obtained. Sufficient data have not been col- 
lected to decide as yet how important it is when it 
is likely to occur. We have had some evidence sug- 
gesting that positively charged ions are adsorbed 
preferentially (ef. Synge, 1945a). As in the case of 
partition chromatography on silica gel (Martin & 
Synge, 1941) it may be possible to work in the 
presence of eluting agents. 

The separations effected by ionophoresis, in so far 
as they depend on differences in net mobility, run 
parallel in many respects to the separations which 
may be effected by the use of ion exchange materials 
(cf. Martin & Synge, 1945). The latter have a com- 
plication in that Van der Waals forces, in addition 
to electrostatic forces, play a part in determining 
the exchange and hence the behaviour is less pre- 
dictable and less easy to control than ionophoresis. 
Ionophoretic separations depending on ion mobility 
differences do not correspond or go parallel with 
those obtainable by other means. 

The method has already been used preparatively 
by Synge (1945 a, b) in the isolation of ethanolamine 
from gramicidin and of ornithine from gramicidin-S. 
It is of interest that the behaviour of ethanolamine 
was sufficiently characteristic to provide useful 
evidence of its identity. 
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In the particular field of separation of the products 
of partial hydrolysis of proteins, the use of iono- 
phoresis several times successively at different pH 
values on the same fractions promises to effect 
separation into a number of classes; and though it 
is improbable that its use alone will serve for the 
isolation of any single substance, its use as part of 
the separation will probably prove essential. 

With the apparatus we have constructed, not 
more than one or two millimoles electrolyte can be 
used in the sample to be analyzed. These quantities 
are too small for convenience for many purposes, 
but could be increased by increasing the area of the 
apparatus. The thickness of the jelly cannot profit- 
ably be increased very far. The use of thinner glass 
and water cooling of the lid would increase the 
permissible thickness by a factor of about three. 
Thus, there seems no reason why several grams of 
materials could not be treated in an apparatus of 
laboratory size. 

Further work would be required to make this 
method fully quantitative. So far we have obtained 
recoveries ranging from 80 to 100%. It is also 
inherently probable that by running the bands 
sufficiently far apart, mutual contamination can be 
reduced to any desired degree. In the experiments 
described above, the method of test employed would 
have revealed a contamination of more than 1 or 
2%, but we believe that the actual figure was much 
lower than this. 
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SUMMARY 


1. A method for the separation of substances of 
different mobility by ionophoresis in a slab of silica 
jelly has been developed. 

2. A theory of the movement of charged sub- 
stances in jelly containing a swamping concentra- 
tion of electrolyte is presented, and a chart showing 
the relationship of net mobility, ion mobility and 
dissociation constant is given. 

3. A wool hydrolysate has been separated into 
basic, neutral and acidic fractions at neutral pH. 

4. The following pairs of substances have been 
separated by taking advantage of their different net 
mobilities at the optimum pH for separation. 
Glycine and serine; alanine and methionine; lysine 
and histidine; glycine and glycylglycine; glutamic, 
aspartic, and cysteic acids. 

5. Glutamic and aspartic acids have been sepa- 
rated at neutrality by taking advantage of their 
differing ion mobilities. 

6. Colour reactions, applicable to paper prints 
have been developed which reveal the presence and 
position of bands of arginine, histidine, methionine 
and serine. , 


Thanks are due to the Director and Council of the Wool 
Industries Research Association and to the International 
Wool Secretariat for permission to publish this work. We 
also thank Mr R. C. Palmer for discussion and criticism and 
Mr V. Newhouse for assistance with the diagrams. 
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The Determination of Nitrogen and of Protein 
in Pooled Samples of Human Plasma 


By R. P. COOK, Department of Physiology, University College (University of St Andrews), Dundee 


(Received 26 October 1945) 


The determination of plasma proteins has assumed 
importance in recent years on account of the value 
of the result in dietary surveys and in clinical 
medicine. The main methods available are: (i) the 
determination of protein-N (total N minus non- 


protein-N) and subsequent conversion of N into 
protein by use of the factor 6-25 assuming that the 
total proteins contain 16 % N; (ii) gravimetric esti- 
mation. Here the acetone-treated, heat-coagulated 
proteins are washed, dried and weighed. A good 
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account of the method is given by Robinson & 
Hogden (1941); (iii) densitometric methods. These 
are necessarily indirect but are very convenient for 
a quick and approximate method of determination 
(Phillips, Van Slyke, Dole, Emerson, Hamilton & 
Archibald, 1945; Lloyd, Cheek, Sinclair & Webster, 
1945). A comparison of other methods is described 
by Plimmer & Lowy (1945). Whilst the gravimetric 
method gives a direct assay, indirect methods de- 
pendent on N content are very convenient and 
should be accurate. During investigations on the 
determination of plasma proteins in a group of 
45 boys (Cook, Keay & McIntosh, 1944, 1945) it was 
found that individual discrepancies existed between 
the gravimetric and micro-Kjeldahl methods of 
estimation, and it was felt that the protein factor 
used for the conversion of N was possibly at fault. 
To investigate the subject further it was necessary 
to use pooied samples of human plasma so that more 
extensive determinations could be made. 


METHODS 


Collection of blood and preparation of plasma. This subject 
is dealt with in detail by Cook et.al. (1945), but the following 
points may be emphasized. At least 20 ml. of whole blood 
were collected from each of the donors who were all appa- 
rently healthy; potassium oxalate (90 mg./20 ml. blood) 
was used as anticoagulant. After the plasma was separated 
from the individual samples the material was pooled. 

Description of pools. Pool Al was made up by with- 
drawing 1 ml. from each sample of plasma derived from 
45 boys. Pool A2 was prepared by mixing together all the 
remainders of plasma, 120 ml. being obtained. These two 
pools were prepared after the individual plasma samples 
had been stored in some cases for 6 months at —4°. Apart 
from a slight precipitation of fibrin in some samples there 
was no obvious change, a semi-sterile technique having 
been adopted throughout in the earlier sampling. Pool B 
was prepared from the combined plasmas of 12 adult males, 
pool C from 6 adult males and pool D from 4 adult females. 
In the cases of pools B, C and D the period elapsing between 
collection and analysis was at most 4 hr. 

Pool A 1 was used for the determination of the distribution 
of the protein fractions and for a comparison of the methods. 
Pool A2 was used solely to prepare total plasma proteins. 
The other pools were used for the protein distribution, 
comparison of methods and preparation of total plasma 
proteins. Pools B, C and D were also used to prepare a 
‘globulin’ fraction, and pools C and D an ‘albumin’ fraction. 

Preparation of total coagulated plasma proteins. To 1 vol. 
of the pooled plasma 10 vol. of acetone were added with 
constant mixing. The mixture was allowed to stand at room 
temperature for 12 hr. with occasional mixing and was then 
centrifuged. The supernatant fluid was poured off and a 
further 10 vol. acetone added, the precipitate of protein 
being well broken up. After standing for } hr. the material 
was centrifuged. The washing with acetone was repeated. 
The precipitated proteins were then treated with 10 vol. 
0-6% (w/v) NaCl, when only a small amount of material 
remained undissolved. The dissolved and suspended ma- 
terial was placed in a beaker and the pH adjusted to 5-0 


with n-acetic acid. The beaker and contents were then 
placed in a boiling water-bath and kept constantly mixed. 
Flocculation readily occurred. The heating was continued 
for 1 hr., the mixture centrifuged and, after decanting the 
first supernatant fluid, a washing with 5 vol. of hot distilled 
water was carried out in the centrifuge cups. After this 
washing the protein coagulum was suspended in 5 vol. 
distilled water in a beaker which was placed in a boiling 
water-bath for 15 min., being kept well mixed during this 
process. The material was then poured through a sintered 
glass filter (Jena no. 17 G4) and washed with hot distilled 
water until the filtrate no longer gave a reaction for chloride. 
The coagulum was then washed with portions of ethanol 
equivalent in all to 5 vol. and with a similar amount of 
anhydrous ethyl ether. The fluffy, white to greyish material 
was dried in a shallow dish at 100° in an air-oven when it 
shrank to a horny yellowish mass. The yields from.the four 
pools as g./100 ml. plasma were 6-9, 7-0, 6-6 and 6-8. 

Preparation of ‘globulin’. This fraction must be regarded 
only as a clinical entity, as in addition to the separate 
globulin components (see Discussion) it contains fibrinogen. 
To 1 vol. of plasma were added 30 vol. of 22% (w/v) 
Na,SO, solution, and after standing at 37° for 4 hr. the 
mixture was filtered at 37° through a sintered filter as above. 
Filtration was rapid. The precipitate was washed with the 
Na,SO, solution. The ‘globulin’ cake was then suspended 
in 0-6% saline and subjected to the same treatment as 
described above for the total proteins. The washed and 
dried ‘globulin’ finally obtained was whiter and less horny 
than the total coagulable protein. Yields as g./100,ml. 
plasma were: 2-9, 2-7 and 2:3. 

Preparation of ‘albumin’. From pools C and D an ‘albu- 
min’ fraction was prepared thus. The filtrate from the 
globulin fraction was saturated at room temperature with 
solid ammonium sulphate. The precipitate so obtained was 
then filtered off, resuspended in 0-6 % saline and treated as 
for the total coagulable proteins. Yields as g./100 ml. were 
3-6 and 4-6. The isolated materials gave negative tests for 
the presence of ammonium sulphate. 


Analytical methods 


Before analysis all proteins were finely ground in an 
agate mortar. Moisture was determined by drying in thin 
layers in weighing bottles in vacuo over P,O, at 100°. The 
tops of the weighing bottles were replaced immediately on 
removal from the drying oven. Some samples were dried 
in an air-oven at 105°. No difference in result was obtained. 
The values reported by Drs Weiler and Strauss (micro- 
quantities) were obtained by ‘prolonged drying at 100° in 
high vacuo’. Ash was determined by igniting in an electric 
furnace at 1000° for 15 min. The micro-Kjeldahl method 
was used for determining the partition of N in the plasma 
and the N content of the isolated proteins, these being 
treated thus. The material, oven dried at 100°, was weighed 
direct into the digestion flask and digested for 16 hr. using 
the digestion mixture described by Chibnall, Rees & 
Williams (1943). It was then made up to volume, and the 
distillation carried out on triplicate samples, a deviation 
of +1% in the titration being the only permissible varia- 
tion. Repetition was rarely necessary. For pool A2 proteins 
the Parnas-Wagner type of distillation apparatus was used, 
but with the proteins from the other pools the more satis- 
factory Markham (1942) apparatus was employed. The 
NH, was trapped in boric acid and determined by titration 
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with 0-01N-HCl. Frequent control experiments testing the 
apparatus and standard solutions for recoveries of NH, 
from a standard solution of ammonium sulphate were 
carried out. One sample (total proteins from pool A2) was 
kindly analyzed by Mr M. W. Rees and was used as an 
additional check. 

The micro-Dumas method was used by Drs Weiler and 
Strauss for the values shown in Table 1. 

Fractionation of plasma-N. This followed the methods 
given by Peters & Van Slyke (1932), N in the fractions 
being determined by the micro-Kjeldahl method, the pre- 
liminary digestion being continued for 16 hr. after clearing. 

Gravimetric method. This was carried out by method A 
of Robinson & Hogden (1941) on 3 ml. portions of plasma. 
One important difference in technique was that the heating 
to bring about coagulation was continued for only 15 min. 
instead of 1 hr. The washings from the estimations of 
pools B. C and D were collected and the N content and 
biuret reaction determined. The coagulated proteins were 
dried in vacuo at 100° over P,O, to constant weight. 
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RESULTS 


Table 1 gives the percentage N (micro-Kjeldahl and 
micro-Dumas methods) after correction for moisture 
and ash content in the total coagulable proteins 
derived from four pools and in the ‘globulin’ derived 
from three pools. The following points are empha- 
sized. The dried material constituting the proteins 
is a difficult and unsatisfactory substance to analyze, 
there being evidence of a sampling error for the 
individual samples. As would be expected for a 
complex mixture there are variations in the analyses 
of the different pools, the N content of the total 
plasma proteins ranging from 14-7 to 15-9%, with 
a mean value of 15:2 %. From the three samples of 
‘globulin’ a mean value of 14-3% may be taken. 
Values obtained for two samples of ‘aibumin’ (cor- 
rected for moisture and ash) were 15-2 and 15-6%. 


Table 1. Analyses of total coagulable plasma proteins and -‘globulin’ fraction from the various pools 


(The individual N values on the pools by both micro-Dumas and micro-Kjeldahl methods are given after correction 


for moisture and ash content.) 


g./100 g. of protein 
eg 





Mean of pools 


Pool A2 Pool B Pool C Pool D 
I. Total coagulable plasma proteins 
Moisture 3:8 0-8 4-1 2-6 — 
Ash 1-1 0-3 1-2 1-6 — 


N (corrected) : 


Micro-Dumas 5-25, 15-91 15-03 15-23, 15-24 13-29, 15-70, 15-96 15-20 
Micro-Kjeldahl 15-40, 15-41, 15-54 15-37 14-97 14-71 15-23 
II. ‘Globulin’ 
Moisture — 1-6 2-5 7-5 — 
Ash — 3-4 2-9 6-7 — 
N (corrected): 
Micro-Dumas — 14-04 13-99, 14-33 14-63 14-19 
Micro-Kjeldahl — 14-54 14-40 13-45, 15-13 14-44 


Table 2. The distribution of plasma-N (nos. 1-5), gravimetric estimation of total coagulable plasma proteins 
(no. 6), N in washings therefrom (no. 7), and the values obtained for total plasma-N x 6-25 (no. 8), and 
for protein-N x 6-25 and 6-6 respectively (nos. 9 and 10) for four separate pools of human plasma 


(No. 11 gives the values for total plasma-N x 6-25 expressed as % of the gravimetric determination. Nos. 12 and 13 


give the values for protein-N x 6-25 and by 6-6 respectively, as % 


as g./100 ml. plasma.) 


% of the gravimetric determinations. Otherwise values 


No. of de- 
termina- 
tions on Mean of 
No. each pool Pool Al Pool B Pool C Pool D all pools 
1 Total plasma-N A 3 1-169 1-105 1-106 1-095 1-119-+0-038 
2 Non-protein-N B 3 0-036 0-026 0-016 0-016 0-024+ 0-0067 
3 Protein-N A-B 3 1-133 1-079 1-056 1-079 1-087 + 0-044 
4 Globulin-N 3 0-414 0-399 0-395 0-377 0-396 + 0-0020 
5 Albumin-N 3 0-719 0-680 0-661 0-702 0-691 + 0-0024 
6 Gravimetric determination C 2 7-42 7-28 7-72 7-00 7-35 +0-37 
7 N in washings from C 2 — 0-058 0-024 0-045 0-042 
8 Total plasma-N x 6-25 D — 7-31 6-91 6-91 6-87 7-00 +0-18 
9 Protein-N x 6-24 E — 7-08 6-75 6-60 6-75 6-79 +0-30 
10 Protein-N x 6-6 F — 7-48 7-12 6-97 7-12 7-17 +0-20 
1] D/C x 100 — 98-5 94-8 89-4 98-2 95-3. +3-51 
12 E/C x 100 — 95-5 92-7 85-5 96-5 92-5 
13 F/C x 100 “> 102-2 97-8 90-3 101-5 98-0 +4-72 
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These observations are too limited to derive any 
definite conclusions, but they indicate that the 
N content of ‘albumin’ is greater than that of 
‘globulin’. 





Table 2 gives the results as g. per 100 ml. for the distri- 
bution of the main N-containing fractions in plasma (nos. 
1-5), the gravimetric estimation (no. 6), and N contained 
in the acetone, saline and water washings from the gravi- 
metric determinations (no. 7). The number of determina- 
tions done on each pool is indicated in Table 2, the values 
given being the mean for each pool. It may be remarked 
that the duplicate estimations of the gravimetric deter- 
minations agreed within 2%. The values for N in the 
washings are the mean of two closely agreeing results in 
each case. Solely in the case of pool B was a biuret reaction 
obtained and even here this was only slightly positive. 
No. 8 shows the values obtained by using the conversion 
factor 6-25 for total plasma-N; nos. 9 and 10 give values 
which were obtained by multiplying ‘protein-N’ by 6-25 
and 6-6 respectively. Nos. 11, 12 and 13 give the values of 
the N determinations multiplied by the several factors as 
percentages of the gravimetric determination. These values 
are referred to in the discussion of the results. 


DISCUSSION 
If the conversion factor 6-25 is to be used for the 
determination of plasma proteins by methods based 
on the N content it is necessary to find whether the 
proteins contain a constant 16% N, and if not, 
whether they contain a fixed amount of N such that 
a definite conversion factor may be used. The results 
shown in Table 1 indicate that the N content of 
total plasma proteins from different pools and in- 
volving in all 67 persons varies considerably. A 
mean value of 15-2% N may be taken, however, 
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which would give a conversion factor of approxi- 
mately 6-6. 

That the N content of human total plasma pro- 
teins is less than 16 % is indicated in Table 3 where 
values collected from the literature are given. Values 
for the plasma proteins, either mixed or in various 
fractions, of other mammals are given by Adair & 
Robinson (1930 a, 6), Robinson & Hogden (1941) 
and Block & Bolling (1945). In addition to the 
values given for total plasma or serum proteins 
some values, albeit few, are given for the N content 
of ‘pure’ plasma protein fractions. It will be seen 
that B-globulin, which forms approximately 13% 
of the plasma proteins (Cohn, Oncley, Strong, 
Hughes & Armstrong, 1944) contains only 14-8 % N. 
The possibility of the presence of other protein 
fractions, yet to be isolated, must also be borne in 
mind. 

For practical purposes and to obtain a ‘fit’ with 
the gravimetric determinations Table 2 shows that 
total plasma-N multiplied by 6-25 (nos. 8 and 11) or 
‘protein-N’ multiplied by 6-6 (nos. 10 and 13) gives 
a reasonable correlation. The use of the classic factor 
6-25 for protein-N gives too low a value (nos. 9 
and 12). The correlation stated above would be even 
better if the result from pool C was neglected. This 
result is much higher than the others and it is inter- 
esting to observe that the N content of the washings 
is very much less than in the case of the other pools. 
That the protein factors for ‘globulin’ and ‘albumin’ 
are not the same is indicated in the results found 
here and from the values given in the literature 
(see Table 3). It is interesting that a good correlation 
between gravimetric and micro-Kjeldahl methods 


Values reported for % N in human total plasma (P), or serum (S) proteins 


and in protein fractions derived therefrom 


(The values given are, in so far as can be ascertained, corrected for moisture and ash content. Jacobson’s (1939) 
results are for serum samples derived from pathological cases (no mean value given).) 


c 


Range 


g./100 g. of protein 
— A em 


Mean Reference 


I. Total coagulable proteins 


P Direct coagulation 13-75-15-15 14-3 ; 5 ea a Ra 
Acetone treated 15-03-15-45 153 Bierry & Vivario (1923) 

P Acetone treated 13-29-15-96 15-2 Present 

S Direct coagulation and/or acetone treated 15-5— 16-0 15-7 Robinson & Hogden (1941) 

S Washed with ethanol and ether 14-1- 15-9 15-2 Block & Bolling (1945) 

S Acetone treated 14-15 od Jacobson (1939) 


Il. ‘Globulin’ and its fractions 


‘Globulin’ 
*Globulin’ 
B-Globulin (impure) 
y-Globulin 


13-45-15-13 


_ 16-03 ; 


14-0 Murill, Block & Newburgh (1940) 
14-4 Present 
— 14-84 


Brand, Kassell & Saidel (1944) 


Fibrinogen a 16-9 } 
Itt. Albumin 
Crystalline — 15-7 +0-2 Kendall (1941) 
Crystalline -- 15-95 Brand, Kassell & Saidel (1944) 
* Albumin’ 15-2- 15-6 15-4 Present 








46 


Xi- 


re 
eS 


& & 


he 





Vol. 40 


is obtained if ‘globulin-N’ is multiplied by 7 and 
albumin-N by 6-25. Differences in the relative 
amounts of ‘globulin’ and ‘albumin’ may well 
account for the individual discrepancies observed 
by Cook e¢ al. (1945). The results found here are at 
variance with those of Robinson & Hogden (1941) 
who found a correlation between the micro-Kjeldahl 
method using the classic factor and the gravimetric 
method. Among the points of difference between 
their results and these may be noted the following. 
Most of their determinations were made on animal 
sera, two results only being obtained with human 
sera. They prolonged the coagulation time to 1 hr., 
and the washings from the proteins gave a positive 
biuret reaction. Finally on their own evidence the 
N content of the coagulated serum proteins was 
15-7 %, a value giving a conversion factor of 6-36. 

Total plasma proteins or even the globulin and 
albumin fractions as ordinarily isolated are mixtures 
and it is not to be expected that they would have 
a constant composition. Whilst the gravimetric 
method is as yet the most direct and accurate 
method, it may possess limitations quite apart from 
its laborious nature; heat coagulation may involve 
a slight hydrolysis of the protein proper, and a 
splitting of loosely bound prosthetic groups. A short 
coagulation time would therefore appear most 
suitable. 

The following general conclusions may be drawn. 
First, that for all accurate work on the determination 
of plasma proteins the results should be expressed 
as ‘protein-N’ or as N precipitated by some specific 
reagent, e.g. acid tungstate, trichloroacetic acid or 
saturated sodium sulphate. The result so obtained 
would be less equivocal than in the form now usually 
given. If possible, the use of any specific factor 
should be avoided. Secondly, for all practical pur- 
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poses and where normal persons are concerned, 
total plasma-N multiplied by 6-25 gives a reasonably 
accurate result and one that is generally accepted 
as giving a comparative working value (Cook et al. 
1945). 

SUMMARY 

1. The N content of four samples of the acetone- 
treated, heat-coagulated plasma proteins and three 
samples of ‘globulin’ from four pools of human 
plasma derived from 67 normal persons have been 
determined by the micro-Dumas and micro- 
Kjeldahl methods. 

2. The N content (after correction for moisture 
and ash) for total plasma proteins had a range 
13-3-15-9 %, mean 15-2 %; for ‘globulin’ the range 
was 13-5-15-1%, mean 14-3%. 

3. The distribution of N in various plasma frac- 
tions has been determined, and the total proteins 
estimated by the gravimetric method. The results 
obtained: by the latter method have been compared 
with the results derived by using different conversion 
factors for the N content. 

4. While fair correlation is obtained by multi- 
plying total plasma-N by 6-25 or ‘protein-N’ by 6-6, 
it is suggested that, as the plasma proteins are a 
complex mixture, values for all accurate work would 
be best expressed as g. N, in some particular fraction, 
per 100 ml. plasma. 


This work owes much to the co-operation of Drs D. M. 
Keay and D. G. McIntosh, and Mr H. McDonald, of the 
staff of the Dundee Public Health Department, in collecting 
the blood samples and examining the persons involved. To 
the Medical Research Council the writer is indebted for a 
grant for expenses and for an honorarium to Miss A. M. 
Goodall who was responsible for much of the technical work. 
To her and to Miss M. B. Brown who assisted in the earlier 
stages he expresses his thanks. 
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Recent work has indicated that the effects of adrenal 
cortex hormones on some phases of protein and 
carbohydrate metabolism may be mediated through 
the action of these hormones on certain enzyme 
systems. Fraenkel-Conrat, Simpson & Evans (1943) 
found that in the rat, adrenalectomy decreases the 
liver arginase content, restoration of which could 
be effected by treatment with 17-hydroxy-11-de- 
hydrocorticosterone but not by equal doses of 
deoxycorticosterone acetate. In the guinea-pig, the 
alkaline phosphatase contents of the kidney and 
intestinal mucosa were decreased by adrenalectomy 
and partially restored by deoxycorticosterone 
(Kutscher & Wiist, 1942). Kochakian & Vail (1944) 
have also reported changes in the acid and alkaline 
phosphatase levels of the liver and kidney in rats 
after adrenalectomy with or without treatment 
with cortical extract. 

A relationship such as seems to be emerging in 
respect of metabolic enzymes and cortical hormones 
is of considerable interest from the standpoint of 
lactational physiology for the following reasons. 
Adrenalectomy causes a marked inhibition of lacta- 
tion. According to Gaunt, Eversole & Kendall 
(1942) this is due primarily to loss of those cortical 
hormones (the 1l-oxygenated steroids) which are 
concerned in gluconeogenesis; but in our laboratory 
deoxycorticosterone has proved to be more effective 
than 1l-oxygenated steroids in maintaining lacta- 
tion in adrenalectomized rats, whether these are 
receiving a normal or a high-protein diet (Folley & 
Cowie, 1944; Cowie & Folley, 1946a). Now the 
mammary gland is a rich source of alkaline phos- 
phatase (Folley & Kay, 1935) and such evidence as 
is available suggests that this enzyme is concerned 
with milk synthesis (Folley & Kay, 1936a; Folley 
& White, 1936). Moreover, arginase has also been 
detected in the mammary gland (Shaw & Petersen, 
1938) where its presence may be connected with the 
production of urea by the active gland (Graham, 
Houchin & Turner, 1937). Cortical hormones may 
therefore affect lactation directly through their 
action on mammary enzyme systems and indirectly 
through their effects on the liver enzymes concerned 
in those intermediary metabolic processes which 
govern the supply of milk precursors. 





The arginase and phosphatase activities of the 
mammary gland, in addition to that of liver arginase, 
have accordingly been studied not only in lactating 
rats maintained on a normal diet, but also in rats 
on a high-protein diet, which, by providing a plen- 
tiful supply of amino-acid substrate, might be 
expected to favour the promotion of gluconeogenesis 
by 11-oxygenated cortical steroids. For comparison 
with the mammary gland phosphatase levels, the 
kidney phosphatase levels have also been deter- 
mined. 


EXPERIMENTAL 


General procedure. In most cases the rats were uniparous 
lactating females, approximately 5 months old, but some 
groups contained a few 10-month rats undergoing their 
second lactations. Adrenalectomy or, in the case of the 
controls a sham operation, was performed on the fourth 
day of lactation. Details of the stock colony diet (diet 5) 
and the high-protein diet (diet 253), etc., are given else- 
where (Cowie & Folley, 1946a). Diets 5 and 253 contained 
approximately 20 and 50% protein respectively. 

Deoxycorticosterone acetate (doca), 17-hydroxy-11-de- 
hydrocorticosterone (compound E) and 11-dehydrocortico- 
sterone (compound A), dissolved in sesame oil so that the 
daily dose was contained in 0-5 ml., were injected once daily 
from the 4th to 20th days of lactation (inclusive). For 
details of the preparation of these solutions see Cowie & 
Folley (1946a). Owing to scarcity of material, compound E 


. could be given to one group only and it ‘was decided to feed 


these rats the high-protein diet. An adrenal cortex extract 
(Eucortone) was also used and was injected twice daily. 
Particulars of the daily doses of all these substances are 
given in Table 1. 

Preparation of tissue extracts. The rats were killed on the 
day of weaning (21st day) by dislocation of the spinal cord 
and their livers and kidneys were removed and weighed. 
Quantitative removal of the total mammary tissue, ex- 
tensive in controls and in adrenalectomized rats treated 
with doca but scanty in untreated adrenalectomized rats, 
was hardly practicable, but uniformity of sampling was 
aimed at by removing as quantitatively as possible the 
three abdominal pairs of glands. In some cases among the 
untreated adrenalectomized rats it was necessary to supple- 
ment the abdominal mammary tissue by one or more 
thoracic glands. Extracts of the tissues were prepared 
immediately after their removal by dispersing weighed 
amounts in suitable volumes of normal saline in a high- 
speed tissue homogenizer specially designed for volumes of 
the order of 50 ml. The following proportional fluid volumes 
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were found to be convenient: liver, ten-fold; mammary 
gland, twenty-fold; kidney, forty-fold. In the case of liver 
and kidney tissue 5 min. homogenization gave uniform 
suspensions from which very little material could be centri- 
fuged down; some fairly finely divided material, probably 
fibrous-connective stromal tissue, separated on standing 
from mammary gland suspensions, particularly from those 
of glands which had undergone severe regression. For 
convenience, the mammary gland extracts were separated 
from the sediment by pipetting. 

Enzyme determinations on extracts of mammary tissue, 
particularly from glands in full secretion, are subject to 
errors of unknown magnitude due to the presence of milk 
in the secretory cells and particularly in the lumina of the 
alveoli. Because of this, mammary gland enzyme activities 
are likely to be underestimated. At present we know of no 
way of eliminating this ‘milk error’. 

Determinations of arginase activify were usually started 
at once, but the phosphatase determinations were often 
made after storage of the extracts for 1-2 days at 4°. 
Neither arginase nor phosphatase activities of the extracts 
were altered significantly after prolonged storage at 4°. 
Since both arginase and alkaline phosphatase are activated 
by certain metallic ions (see below), contact with the stain- 
less-steel propeller blades and steel shaft of the homogenizer 
might affect the enzyme activities of the extracts. However, 
determinations of the arginase activities of liver extracts 
prepared as above gave substantially the same results as 
extracts made by grinding with sand in a pestle and mortar. 

Arginase activity. Arginase was determined by a method 
based on those of Edlbacher & Réthler (1925a), Hunter & 
Dauphinee (1929-30) and Hunter & Downs (1944). 

(a) Liver tissue. A 25 ml. standard flask containing 
12-5 ml. of a 2% solution of 1(+)-arginine monohydro- 
chloride and 6-25 ml. glycine buffer (pH 9-65) was warmed 
in a thermostat to 37° and 1-5 ml. warm extract added. 
After exactly 30 min. at 37°. the enzyme was inactivated 
by immersing the flask for 15 min. in a vigorously boiling 
water-bath, 0-1N-H,SO, (approx. 1-25 ml.) added to neu- 
trality, the solution cooled, made up to volume with dis- 
tilled water and filtered. Urea was estimated on duplicate 
5 ml. vol. of the filtrate by the method of Van Slyke & 
Cullen (see Peters & Van Slyke, 1932), two blank deter- 
minations without urease being included. An arginase 
blank, to correct for preformed urea, was run as above, 
except that the enzyme was inactivated in the usual way 
immediately after the addition of extract and the solution 
then kept at 37° for 30 min. Arginase activity methods 
which involve estimation of urea by means of urease are 
liable to error due to the decomposition of arginine by 
urease preparations, particularly in the presence of Ni*+, 
Co*+, Mn++ or Fet++ (Hellerman & Perkins, 1935-6). This 
error is eliminated by the system of blank determinations 
adopted here and in any case would not be appreciable in 
the absence of the activators mentioned above. 

A calibration curve was constructed foraseries of dilutions 
of one of the most active extracts of the series and the 
“30 min. arginase unit’ chosen as the amount of enzyme 
liberating 1 mg. urea under the above conditions. The curve 
covered a range of arginine decomposition up to 63%, but 
in most of the determinations the decomposition was less 
than 30%. Hellerman & Perkins (1935-6) have shown that 


arginase may be activated by Ni*+, Co++, Mn++ and Fet*. 
We have made no attempt to activate the arginase present 
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in our extracts; our results are intended to represent the 
activity of the arginase as it exists in the tissues. 

(6) Mammary tissue. In view of the relatively small 
concentration of arginase in mammary gland tissue, a 
hydrolysis time of 20 hr. was found to be necessary. A cali- 
bration curve relating urea production by mammary gland 
extracts to ‘20 hr. units’ of arginase activity was con- 
structed, the ‘20 hr. unit’ being defined as that amount of 
enzyme which liberates 1 mg. urea under the stated con- 
ditions. In the urea determinations on the filtrates from 
the mammary gland arginase hydrolysates, the values for 
the preformed NH,, obtained in absence of urease, in most 
cases amounted to a larger fraction than was desirable of 
the total NH, produced in the presence of urease. This, 
however, did not apply to control runs with inactivated 
extracts. These relatively large preformed NH, values may 
have been due to the enzymic production of NH, from urea 
or perhaps other sources during the 20 hr. incubation. 
However, addition of toluene or penicillin to the extracts 
before incubation made no difference. 

For one of the liver extracts, curves relating ‘30 min. 
units’ and ‘20 hr. units’ were derived so that for any liver 
extract the activity in 20 hr. units could be calculated for 
comparison with the activity of the mammary gland tissue 
of the same animal. It was found that over the range 
studied the relationship between the two units was linear, 
the ‘30 min. unit’ being equal to 19-6 ‘20 hr. units’. 

Alkaline phosphatase activity. Alkaline phosphatase, 
(phosphomonoesterase A,; Folley & Kay, 19366) was deter- 
mined in mammary gland and kidney extracts by the 
method of King & Armstrong (1934) with a photoelectric 
absorptiometer equipped with a red filter (Chance). As 
with arginase the activity of the phosphatase as it existed 
in the tissues was measured. 


RESULTS 


The results in the form of mean values for each 
group are given in Table 1. The usual tests for the 
significance of the differences between means were 
carried out for the comparisons of greatest interest 
and most of the probabilities are given in Table 2; 
others are given in the text. 

Liver arginase. On both diets the results were 
essentially similar. Adrenalectomy caused a marked 
decrease in the liver arginase expressed both as 
activity per g. moist tissue or as total activity per 
100 g. rat. Except in the case of rats on diet 253 
(50% protein) treated with cortical extract, the 
arginase levels per g. moist liver tissue were signi- 
ficantly increased by all four preparations adminis- 
tered, but in no case was the control value even 
approached. When, however, we consider the total 
liver arginase/100 g. rat, which is probably of greater 
physiological significance, it is seen that on both 
diets the liver arginase levels of adrenalectomized 
rats were partially restored by ail the treatments 
tried. 

The values (total arginase activity/100 g. rat) for 
the groups on diet 5 receiving doca and compound A 
did not differ significantly (P = 0-3258), but on diet 
253 doca was significantly more effective than com- 
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Table 1. 
and alkaline phosphatase levels of tissues of lactating rats 


Kidney 
~ phosphatase 
Phos- - —- ——, 
phatase Units" 
(units*/g. Units’/g. 100g. 
tissue) tissue rat 


Liver arginase Mammary gland 





c wie 

30 min. Arginase 

units/ (20 hr. 

100g. —_—units/g. 
rat tissue) 


30 min. 
units; g. 
tissue 


Body 
No. of weight 
rats (g.) 
(a) Rats on diet 5 (20% protein) 
10 273 353 1862 
230 97 350 
124 568 
192 671 


Treatment 


84-0 
46:5 
73-2 
43-6 


15-22 
g-2¢ 

14-0? 

14-8 


355-9 
57-4 
99-3 
90-7 


Control 119-5 

Adrenalectomy ll 38°: 

Adrenalectomy + 3-0 mg. doca daily 10 327 

Adrenalectomy + 0-5 mg. compound A 5 242 
daily 

Adrenalectomy + 2 x 0-375 ml. adrenal 8 
cortex extract daily 


253 131 539 69-2 16-0° 
(b) Rats on diet 253 (50% protein) 
6 243 423 2690 
Adrenalectomy 6 210 134 489 
Adrenalectomy + 3-0 mg. doca daily 6 284 288 1555 
Adrenalectomy +0-5 mg. compound A 5 213 206 790 
daily 
Adrenalectomy + 0-47 mg. compound E 
daily 
Adrenalectomy +2 x 0-375 ml. adrenal 
cortex extract daily 


Control 


1093 


252 


159 708 288-3 31-2¢ 


@ King & Armstrong (1934) units. ° 6 rats only. ° 7 rats only. 4% 2 rats only. ¢° 5ratsonly. / 1 rat only. 


Table 2. Significance of differences between mean values given in Table 1 
(The figures given are probabilities calculated by the ‘t’ test (see Fisher, 1938).) 


Fisher’s ‘p’ for results with 


oes _ 2 - 1 


Mammary gland 
Liver arginase —_—_—"——- a 


Kidney phosphatase 
A 


Comparison between results from 
untreated adrenalectomized rats 
and those from animals 
in other groups 


Phosphatase ———_—_—_*—_——_—_——, 
(units/g. Units/g.  Units/100 g. 
tissue) tissue rat 


Arginase 
(units/g. 
tissue) 


Units/g. | Units/100 g. 
tissue rat 
Group (a) Rats on diet 5 (20% protein) 


0-0010 0-0006 


Control 
Adrenalectomy 
Adrenalectomy 


Adrenalectomy + 


Contro! 
Adrenalectomy 


Adrenalectomy + 
+compound E 
+ cortical extract 


Adrenalectomy 


+ doca 
+compound A 


cortical extract 


+ doca 


compound A 


0-0002 
0-0476 
0-6026 
0-0474 


0-0002 
0-0008 
0-0060 
0-0136 


0-0708 
0-1136 
0-1550 
0-1192 


0-0180 
0-1476 
0-3588 
0-6658 


0-03 12 
0-7914 
0-1038 


0-0170 
0-9374 
0-0464 


(6) Rats on diet 253 (50% protein) 


0-0002 
0-0018 
0-0124 
0-0012 
0-2134 


<0-0002 
0-0002 
0-0078 
0-0002 
0-0430 


Adrenalectomy 


pound A (P=0-0042) and the extract (P=0-0012), 
while the apparent superiority of doca over com- 
pound E was on the borderline (P=0-0538) of the 
generally accepted level of significance (P < 0-05). 
Mammary gland arginase. The values for mam- 


mary gland arginase are expressed only in terms of 


activity per g. fresh tissue; for reasons stated above 
it was not possible to calculate the total mammary 
gland enzyme activities per 100 g. rat. In rats on 
either diet adrenalectomy caused a marked fall in 
mammary gland arginase content. The actual de- 
crease was probably greater than appears from the 


<0-0002 
0-0002 
0-0036 
0-0412 
0-0020 


<0-0002 
<0-0002 
0-0080 
0-0698 
0-0026 


0-0004 
0-1842 
0-5466 
0-2800 
0-1786 


values in Table 1 since lactation was greatly de- 
pressed in the adrenalectomized groups (see Cowie 
& Folley, 1946a) and the proportion of milk in- 
evitably included in the tissue samples from these 
animals must have been lower than in the case of 
the controls. None of the substances used for re- 
placement therapy caused a significant increase in 
the mammary gland arginase in adrenalectomized 
rats on either diet. The discordant value for the 
group on diet 253 and cortical extract was due to 
one exceptionally large value which was confirmed 
on repetition and for the occurrence of which we 
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cannot account. Had it been possible to estimate 
the total mammary gland arginase/100 g. rat it is 
possible that the values for both groups receiving 
doca would have been significantly higher than 
those for the corresponding groups of adrenalecto- 
mized rats, since in each case the abdominal mam- 
mary glands of the doca-treated rats were signi- 
ficantly heavier even than those of the intact 
controls. 

The difference between the mean values for intact 
rats on diets 5 and 253 respectively (Table 1) was 
not significant (P= 0-1988). 

Mammary gland phosphatase. Only results (ex- 
pressed as activity/g. moist tissue) for rats on diet 5 
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different from that for the group receiving com- 
pound E (P=0-2020). 

Our results may be taken as indicating that under 
our conditions treatment with doca was, on the 
whole, most effective in restoring the depleted 
kidney phosphatase levels of adrenalectomized rats. 

Arginase and phosphatase contents of mammary 
gland tissue. For each intact rat the ratio of the 
arginase activity (20 hr. units) per g. moist liver 
and mammary gland tissue was calculated. Similar 
calculations were made in respect of the ratios of 
the phosphatase activities of mammary gland and 
kidney tissues. The values for groups of intact rats 


on both diets are given in Table 3. 


Table 3. Relative arginase activities of mammary gland and liver, and alkaline phosphatase activities 
of mammary gland and kidney, in lactating rats 


Normal diet (diet 5—20% protein) 


High-protein diet 





([— 


(diet 253—50% protein) 





ney 
Liver arginase* \ (Kidney phosphatase? Liver arginase* _ 

Rat no. leo gland aa lictiioes gland a ee Rat no. lms gland arginase*, 

20265 5-4 = — -- 

20576 44-7 — —_ _— 

20466 32-1 — — — 

20603 28-5 — oes ae 

20604 20-2 7-4 20319 45-4 

20658 94-7 11-2 20274 97-6 

20034 4-7 8-7 20266 68-5 

20011 66-5 5-1 20591 38-6 

20058 52:3 5-7 20672 52-9 

19921 22-8 5-1 s 20606 57-2 

Mean 37-2 7:2 Mean 60-0 


2 *20 hr. units’/g. moist tissue. 


(20 % protein) are vonsidered since results are avail- 
able for only one or two members of each group on 
diet 253 (50% protein). The mean value for the 
adrenalectomized group was smaller than the con- 
trol value but the difference cannot be considered 
statistically significant. It is probable, however, 
that the difference was minimized by the ‘milk 
error’. None of the treatments tried caused any 
significant changes in the mammary gland phos- 
phatase content. 

Kidney phosphatase. Irrespective of diet, adrenal- 
ectomy caused a significant decrease in the kidney 
phosphatase expressed either per g. fresh tissue or 
as total activity/100 g. rat. On diet 5 doca and the 
cortical extract, and on diet 253 compound A in 
addition, significantly raised the kidney phosphatase 
activity, per g. fresh tissue, above the adrenalectomy 
levels. When the results were expressed in terms of 
total activity/100 g. rat, only doca brought about 
a significant change in kidney phosphatase on diet 5, 
but on diet 253 all four treatments caused significant 
increases. The mean value for the group receiving 
doca was, however, significantly greater than those 
for the groups receiving compound A (P=0-0168) 
and the extract (P=0-0192) but not significantly 


> King & Armstrong (1934) phosphatase units/g. moist tissue. 


In rats on a normal protein intake (diet 5) the 
arginase content of mammary gland tissue was, on 
the average, about 2-5 % of that of liver tissue. This 
comparison is probably somewhat in favour of the 
liver since these mammary glands contained con- 
siderable amounts of milk. The ratio was increased 
in intact rats on diet 253, doubtless mainly because 
of increased urea formation in the livers of these rats. 

The values of the ratio of kidney phosphatase to 
mammary gland phosphatase are available only for 
rats on diet 5. It will be seen that, per g. of wet 
tissue, the mammary gland contained on the average 
about 14% of the phosphatase activity of the 
kidney. 

DISCUSSION 


Despite considerable differences in experimental 
conditions and procedure our results as regards the 
effect of adrenalectomy on the liver arginase confirm 
those of Fraenkel-Conrat et al. (1943). The main 
difference between our results and theirs is that 
under our conditions the activity of doca in restoring 
the depleted liver arginase levels of adrenalecto- 
mized rats receiving a normal diet was indistinguish- 
able from that of compound A, an 1l-oxygenated 








50 
cortical steroid. But we gave 17 daily injections of 
3-0 mg. doca (three times the daily dose used by 
Fraenkel-Conrat et al.), the treatment so far found 
best for the maintenance of lactation in our rats 
after adrenalectomy (Cowie & Folley, 1946 a, b), 
whereas Fraenkel-Conrat et al. gave only four daily 
injections of 1-0 mg. steroid to salt-treated adrenal- 
ectomized rats and found that under these condi- 
tions compound E (at twice the daily dose of com- 
pound A tested by us) was more effective than doca. 
Since in our experiments 0-5 mg. compound A daily 
gave the same response as six times that amount of 
doca it may be concluded that weight for weight the 
former steroid was much the more active. 

Rather unexpectedly we found that doca was not 
inferior to 1l-oxygenated steroids in maintaining 
liver arginase levels in adrenalectomized rats re- 
ceiving a high-protein diet. Despite the fact that 
the dose of doca was six times that of compounds 
A and E the reverse might have been expected in 
view of present ideas regarding the role of 11- 
oxygenated steroids in promoting gluconeogenesis 
(Long, Katzin & Fry, 1940; Kendall, 1941). These 
results roughly parallel the relative efficiency, under 
our conditions, of the two types of cortical steroid 
in maintaining lactation in adrenalectomized rats 
on the high-protein diet (Cowie & Folley, 1946a) 
and thus provide some indication of the probable 
importance for optimal lactation of metabolic pro- 
cesses depending on the adrenal cortex-liver arginase 
relationship. 

The mean total liver arginase/100 g. rat of rats 
on the high-protein diet was not significantly higher 
than the value for rats on the stock diet (P = 0-0888) 
so that our results provide no certain confirmation 
of those of Lightbody & Kleinman (1939), who re- 
ported increased liver arginase levels in rats main- 
tained on high-protein diets. 

Our results on the effect of adrenalectomy on 
kidney phosphatase levels in the lactating rat on 
both diets are in agreement with those of Kutscher 
& Wiist (1942) in the guinea-pig. Here again, under 
our conditions, doca proved superior to the 11- 
oxygenated steroids in reversing the effects of 
adrenalectomy, for in rats on both diets it alone 
restored the kidney phosphatase to levels indis- 
tinguishable from normal (for rats on diet 5, 
P=0-3602; on diet 253, P=0-1950). Since doca is 
known to be more active than 1l-oxygenated 
steroids in restoring the disturbed kidney function 
of adrenalectomized animals (see Swingle & Reming- 
ton, 1944), our results may be regarded as providing 
additional evidence that the alkaline phosphatase 
is in some way concerned with normal renal function. 
Lundsgaard (1933) suggested that phosphatase is 
concerned with the resorption of glucose by the 
tubules. It is of interest that 1l-oxygenated 
steroids, which were inactive in rats on diet 5, were 
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effective in raising the total kidney phosphatase 
levels of adrenalectomized rats on the high-protein 
diet. 

Shaw & Petersen (1938), who detected appre- 
ciable arginase activity in the lactating bovine 
udder, but little or none in non-lactating udder 
tissue, made no attempt to relate the activity of 
the mammary gland to that of other mammalian 
tissues. On the other hand, Hunter & Dauphinee 
(1924) determined the relative arginase activities 
of various mammalian tissues but omitted to test 
the mammary gland. Their data established the 
liver as the principal source of mammalian arginase, 
with the kidney occupying second place with an 
activity of about 0-25 % of that of liver. Kidney/ 
liver ratios on the whole somewhat larger have 
since been obtained by Edlbacher & Réthler (19256) 
whose data for various species as recalculated by 
Baldwin (1936) correspond to ratios varying from 
about 0-2 to 6-4%, with a ratio of about 0-25 % for 
female rats. These and subsequent workers have 
reported slight activity in certain other mammalian 
tissues, notably testis, but Baldwin (1936), reviewing 
these studies, concludes that significant quantities 
of arginase are ordinarily to be found only in liver, 
kidney and testis. We have, however, now shown 
that the lactating mammary gland, with an activity 
on the average about 2-5 % of that of liver, must be 
an appreciably richer source of arginase than the 
kidney, and judging from the results discussed above 
it is probably some 5-10 times as active. 

It is incomprehensible that workers surveying 
tissue enzymes should uniformly neglect to examine 
the lactating mammary gland, a tissue notable as 
being the site of rapid and continuous synthetic 
processes. Because of lack of data concerning the 
mammary gland, Baldwin (1936), in discussing 
Edlbacher’s suggested correlation between tissue 
growth and high arginase and phosphatase content, 
could say ‘That such a correlation between growth 
and high arginase content exists cannot be doubted 
and it is probably significant in this connection that 
the testis, in which organ alone active cell division 
persists into adult life, contains more arginase than 
any other tissues apart from the liver and kidney....’ 
In point of fact, however, not only does the lactating 
mammary gland contain more arginase than the 
kidney and therefore than the testis (and inci- 
dentally much alkaline phosphatase), but at the 
same time it is a tissue in which mitosis is com- 
paratively rare (e.g. see Weatherford, 1929). 

It is hardly possible at present profitably to 
speculate in detail about the possible functions of 
the mammary arginase, but since it appears to be 
present in significant amounts only in lactating 
glands, and since its level is reduced by adrenal- 
ectomy, which also partially inhibits lactation, it 
seems reasonable to assume that its role is in some 
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way concerned with the secretory function of the 
mammary epithelium. 

The present work provides no evidence that the 
effects of adrenalectomy on lactation are connected 
with changes in the alkaline phosphatase content of 
the mammary gland. As regards the phosphatase 
activity of mammary gland tissue relative to other 
well-known sources of alkaline phosphatase our 
work on the rat confirms the findings of Folley & 
Kay (1935), in the guinea-pig, to the effect that 
though the activity of the lactating mammary gland 
is somewhat less than that of the kidney, the two 
tissues may be considered as exhibiting thesame order 
of activity. 

SUMMARY 


1. The effects of adrenalectomy alone, or fol- 
lowed by treatment with deoxycorticosterone ace- 
tate (doca), 17-hydroxy-11-dehydrocorticosterone 
(compound E), 11-dehydrocorticosterone (com- 
pound A) or adrenal cortex extract, on the arginase 
of the liver and mammary gland and the alkaline 
phosphatase of the mammary gland and kidney 
have been studied in lactating rats maintained 
either on a normal diet or on a high-protein diet. 

2. On both diets, adrenalectomy reduced the 
liver and mammary gland arginase and the kidney 
phosphatase but had no significant effect on the 
mammary gland phosphatase. 

3. The liver arginase levels of adrenalectomized 
rats on the stock colony diet were elevated (but not 
to normal levels) by doca (3-0 mg. daily), com- 
pound A (0-5mg. daily) and an adrenal cortex 
extract; on the high-protein diet doca (3:0 mg. 
daily), compound A (0-5 mg. daily), compound E 
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(0-47 mg. daily) and cortical extract were all active, 
the effect of doca being greater than that of com- 
pounds A and E and of the extract. 

4. Neither doca, 11-oxygenated steroids nor cor- 
tical extract elevated the arginase or (alkaline) 
phosphatase content of the mammary gland after 
adrenalectomy. 

5. Kidney (alkaline) phosphatase levels of ad- 
renalectomized rats were elevated almost to normal 
levels by doca irrespective of diet, and by 11- 
oxygenated steroids or cortical extract on the high 
protein diet only. 

6. The arginase content of the lactating mam- 
mary gland was on the average about 2-5 % of that 
of the liver, this tissue being thus the second most 
active known source of mammalian arginase. Its 
phosphatase content was approximately 14% of 
that of the kidney. 

7. The results are believed to provide evidence 
that the adrenal cortex can influence lactation 
directly through the arginase of the mammary gland 
and indirectly through the liver arginase. 


We are greatly indebted to Dr S. K. Kon for generously 
placing at our disposal the facilities of the rat colony main- 
tained by him; to Mr A. T. Cowie for performing the 
adrenalectomies; to Dr E. C. Kendall for generous supplies 
of compounds A and E; to Dr A. N. Macbeth of Organon 
Laboratories Ltd., for deoxycorticosterone acetate; and to 
Mr C. J. Eastland of Allen & Hanbury Ltd., for Eucortone. 
The technical assistance of Messrs 8S. C. Watson, who de- 
signed and built the tissue homogenizer, and H. S. Hallet 
(by permission of Prof. H. D. Kay) was greatly appreciated. 
This work was done during the tenure by A. L. G. of a 
special research grant from the Agricultural Research 
Council to whom we express our best thanks. 
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5. KETONIC DERIVATIVES OF CHOLIC ACID FROM COWS’ 


BILE 
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The only ketocholanic acids isolated from bile, apart 
from those obtained in experiments involving the 
giving of bile acid derivatives to animals, have 
been 3-hydroxy-12-ketocholanic acid from ox bile 
(Wieland & Kishi, 1933), a 3-hydroxy-6-ketocho- 
lanie acid from hog bile (Fernholz, 1935), and 3- 
hydroxy-7-ketocholanic acid from guinea-pig bile 
(Imai, 1937). Hughes (1942) states that ketonic 
acids were only present, if at all, in traces in the 
ox bile examined by her, and Berman, Snapp, 
Hough & Ivy (1940) used a cattle bile in which they 
could detect no ‘keto reacting substances’. How- 
ever, in this more recent work, only small amounts 
of bile were used, and it was considered worth while 
to examine larger amounts of fresh bile for ketonic 
acids. In order to interpret the results obtained, a 
comparison had to be made between the six possible 
ethyl hydroxy-ketocholanates with the cholic acid 
configuration. This work in turn made possible some 
further observations concerning the valuable Ham- 
marsten test for cholic acid derivatives. 


EXPERIMENTAL 


General methods. Fresh cows’ bile was worked up by the 
method of White (1929). After removal of neutral sub- 
stances, the acids were fractionated and esterified with 
diazoethane. Ketonic esters were separated with Girard’s 
reagent and purified by adsorption on alumina. The re- 
sulting crystalline esters were finally identified by com- 
parison with those given in Table 1. All melting-points are 
uncorrected. Elementary micro-analyses were by Mr A. T. 
Macdonald, Edinburgh. 

Abbreviations. (a) In the following, only cholanic acid 
derivatives substituted at C,, C,; and C,, are mentioned, 
and cholic acid (I) is therefore abbreviated to (II); the 
formulae of ketonic acids and esters being similarly written. 


H cH, 
Dy, HCH: COOH 


(12) OH 
COOH 


‘ 
(7) OH 


fo 
(3) OH 
II 


(b) Process A, appiied to purification of ethyl esters con- 
sisted in each case of dissolving the ester in benzene and 
running the solution through a column of Al,O; (Hopkin & 


Williams, 10 g./g. of ester in a narrow cylindrical tube), 
The ester was then eluted with portions of benzene; these 
were collected separately and evaporated. If the residue 
gave crystals with l.p. (light petroleum, b.p. 40-60°), these 
were collected and recrystallized from 1.p.-benzene. 

(c) H-test =Hammarsten HCl test, as described (Hasle- 
wood, 1943). » 

(d) 20% CrO,, as described (Haslewood, 1944). 

Isolation of esters from bile. Fresh cows’ bile from the 
slaughter-house was treated with 60 g. of NaOH and 100 ml. 
of water per litre of bile and the mixture heated, with 
continual agitation, on the boiling water-bath for 20 hr. 
The hot product was made almost neutral to phenol- 
phthalein with 10N-HCl, then cooled and strongly acidified 
with 10N-HCl. After 24 hr., the precipitate was collected, 
washed and kneaded with water, and dissolved in 100 ml. 
of 2-5n-NaOH/l. of bile. The solution was treated with 
acetic acid and NaOH until it was just alkaline to phenol- 
phthalein and 20g. charcoal per litre of bile was stirred 
into the hot mixture in a large dish. The product was 
evaporated on the water-bath and the residue dried in an 
oven at 70°. Yields: 230 and 101 g. of charcoal-product 
from 2670 and 1100 ml. of cows’ bile respectively. The total 
charcoal-product (331 g.) was powdered and continuously 
extracted in a Soxhlet-type apparatus with ether until the 
extract was ¢olourless. Evaporation of the ether gave 
CB Neutrals I (0-8 g.).. Extraction was now carried out 
with acetone, giving CB Neutrals II (0-7 g.). Finally, ex- 
traction was done with ethanol, which removed most of 
the material from the charcoal. The ethanol extract was 
diluted with 4-5 vol. of water and continuously extracted 
with ether, giving CB Neutrals III (0-95 g.). Complete 
examination of the neutral material (2-45 g.), which con- 
tained cholesterol (approx. 0-75 g.), as well as, apparently, 
some 7-hydroxycholesterol, was suspended after the publi- 
cation of Pearlman (1944), who used much larger amounts 
of bile. The ether-extracted aqueous solution was heated to 
expel ether, and acidified with HCl; the precipitate, washed 
and dried in vacuo over H,SO,, weighed 104 g. This was 
dissolved in 208 ml. of 2N-NaOH and the solution diluted 
to 500 ml. with water, heated on the water-bath, neutralized 
to phenolphthalein with acetic acid, further diluted to 11. 
and treated with 150 ml. of MgCl, solution (approx. 20 g./ 
100 ml.). The mixture, made just alkaline to phenolphtha- 
lein, was heated on the water-bath for 16 hr. and left at 
c. 20° for 16 hr. The large precipitate was collected, washed, 
and partially dried; it was then stirred and left for about 
70 hr. with dilute HCl (excess). The insoluble product was 
collected, washed, and dried in vacuo over H,SO,, giving 
CB Mg-insol. (48 g.). The MgCl, liquors, on acidification 
with HCl, gave a precipitate which, after washing and 
drying, was CB Mg-sol. (55 g.). This product was extracted 
with successive quantities of boiling ethyl acetate. The first 
litre of this solvent extracted 46 g. of material, from which 
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crystallized 36-4 g. of cholic acid, and, after evaporation, 
a second crop of 1-2 g. The liquors, on evaporation, left 
CB ethyl acetate-sol. I (8-4 g.). A second extraction of CB 
Mg-sol. with boiling ethyl acetate (c. 21.) gave CB ethyl 
acetate-sol. II (7-4 g.). The residue was CB ethyl acetate-insol. 
(1-45 g.). CB ethyl acetate-sol. I (8-4 g.) was dissolved in 
ethanol and treated with excess of diazoethane. After 
standing overnight, the diluted solution was extracted with 
ether. The extract, washed with water, dilute H,SO,, 
water, NH; solution, and water was dried (CaCl,) and 
evaporated. The residual esters formed a yellow oil (8-8 g.) 
which was dried in vacuo at 100° and dissolved in dry 
ethanol (40 ml.) with pure acetic.acid (4 ml.) and Girard’s 
reagent T (2-2 g.). The solution was refluxed, with a con- 
denser carrying a CaCl, trap, for 2 hr., and was then cooled, 
diluted with 2-3 vol. of ice-water and neutralized to bromo- 
thymol blue with 5n-NaOH (ec. 12 ml.). Five ether extrac- 
tions now gave, on evaporation of the washed and dried 
ether, 8-0 g. of non-ketones, while the aqueous solution 
yielded, after standing for 16 hr. with the addition of 
10N-HCI (25 ml.), an oil which was extracted with ether. 
Evaporation of the washed and dried ether left the ketonic 
esters as a fragrant gum (0-2 g.). This material was dissolved 
in benzene (c. 40 ml.) and the solution was allowed to run 
through a column of Al,0O, (Hopkin & Williams, 2 g.) of 
diam. 0-8 em. The column was eluted by washing first with 
benzene and finally with ether, and fractions collected as 
follows: (I) original solvent +10 ml. benzene, oil, 0-1 g.; 
(II) 20 ml. benzene, gum 0-02 g.; (III) 100 ml. benzene, 
gum <5 mg.; (IV) 50 ml. ether, gum 0-08 g. Fraction II, 
with 50% v/v l.p./ether gave crystals which, after re- 
crystallization from dilute ethanol gave ester K, (1-2 mg.), 
m.p. 176—-178°, corresponding in m.p. and H-test to ethyl- 
7:12-dihydroxy-3-ketocholanate (below) and also to a 
specimen isolated in a similar manner from fresh, mixed 
‘ox bile’. (Found: C, 72-1; H, 9-3. Cale. for C.,H,,0;: 
C, 71-9; H, 9-7%.) Ester K, was hydrolyzed to an acid 
which on CrO, oxidation was converted into (partially 
purified) dehydrocholic acid. Fraction IV similarly gave 
ester K, (20 mg.), m.p. 154-158°, not depressed by ethyl 
3:12- dihydroxy-7-ketocholanate, and giving a similar colour 
in the H-test. (Found: C, 71-3; H, 9-2. Cale. for C,,H,,0;: 
C, 71-9; H, 9-7%.) Mixed m.p. with all other esters in 
Table I gave large depressions. Ester K, (4 mg.) in acetic 
acid (4 drops) with 20% CrO, (1 drop) gave, after dilution, 
a solid which from dilute ethanol formed white needles, 
m.p. 220-222°, decomp., not depressed by ethyl dehydro- 
cholate (m.p. 219-220°, decomp.). 

By treatment similar to the above, CB Mg-insol. (48 g.) 
gave ethyl esters (44-5 g.), separated into non-ketones 
(44 g.) and ketones (0-2 g.); this ketonic material yielded 
a further sample of ester K, (10 mg.), m.p. 156-157°. CB 
ethyl acetate-sol. II gave no identifiable ketonic material. 

Ethyl 7:12-dihydroxy-3-ketocholanate. The route to this 
substance was: 


Paes OH OH 
| | 
COOCH, + COOH +  COO0C,H, 
Ps ~N a 
0 0.CO.CH, 0 OH 0 OH 


Methyl 7:12-diacetoxy-3-ketocholanate (0-5 g., Haslewood, 
1944) was boiled for 40 min. with approx. N-NaOH (10 ml. 
in 50% v/v ethanol-water). The cooled diluted mixture 
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was filtered, saturated with NaCl and acidified with H,SO,. 
The precipitated acid was collected after 48 hr.: it was 
washed, dissolved in ethanol and the solution saturated 
with diazoethane. After 16 hr. the mixture was diluted 
and treated with excess NaHCO. The crystalline undis- 
solved material was collected, washed, and recrystallized 
from dilute ethanol; it formed white leaflets (0-15 g.), m.p. 
176-178°, not depressed by K,. By process A, the ester 
yielded long white needles of final m.p. 181-182°. (Found: 
C, 71:7; H, 9-5. CygH,.0, requires C, 71-9; H, 9-7%.) In 
the H-test, this ester and K, gave yellow—> green — violet 
colours, and both substances showed violet colours with 
m-dinitrobenzene, ethanol, and alkali. 

Ethyl 3:7-dihydroxy-12-ketocholanate. A mixture of crude 
3:7-dihydroxy-12-ketocholanic acid (0-45 g., Wieland & 
Kapitel, 1932), ethanol (5 ml.) and H,SO, (0-5 ml.) was 
refluxed for 2-5 hr. The cooled diluted product was treated 
with Na,CO, (excess) and the precipitated solid was collected 
nd recfystallized from dilute ethanol (charcoal), Yield, 
0-25 g., m.p. 161-164°, giving, by Process A, long white 
needles, m.p. 161—162°. (Found: C, 72-2; H, 9-7. C..H,,0; 
requires C, 71-9; H, 9-7%.) H-test, negative, m-dinitro- 
benzene test, negative. 

Ethyl 7-hydroxy-3:12-diketocholanate. The route was: 


OH 0 
| I| 
COOH +  CO0C,H, 
\ oN 
CH,.CO.O 0.CO.CH, O  0.CO.CH, 
0 0 
I | 
+ COOH st COOC,H, 
re’ oa 
0 OH 0 OH 


12-Hydroxy-3:7-diacetoxycholanic acid (2-3 g., m.p. 259- 
261°, Wieland & Kapitel, 1932) was refluxed with ethanol 
(46 ml.) and 10N-HCl (4-6 ml.) for 2 hr. After dilution, the 
cold mixture was left for 16 hr. and the liquor then decanted 
from the partially crystalline precipitate, which was washed, 
dissolved in acetic acid (20 ml.) and treated with 20% CrO, 
(4ml.). After 15 min., the solution was diluted, and after 
48 hr. the precipitate was collected, washed and dissolved 
in benzene, which was dried with CaCl,, filtered and evapo- 
rated. The residue, from |.p.-ether, gave ethyl 7-acetoxy- 
3:12-diketocholanate (0-55 g.) of m.p. 161-164°, raised to 
168-168-5° by Process A. (Found: C, 70-7; H, 9-0. C,,H420, 
requires C, 70-9; H, 89%.) This substance (0-5 g., m.p. 
161-164°) with NaOH (5 ml. of approx. n/2 in 90% (v/v) 
ethanol-water) was boiled under reflux for 20 min. The 
cooled product was diluted, acidified with HCl and saturated 
with NaCl. After 16 hr., the precipitate was collected, 
washed, and evaporated until dry with ethanol in vacuo. 
The residue in ethanol (5 ml.), saturated with HCl gas was 
left for 48 hr., after which the solution was diluted and 
treated with Na,CO, (excess). The solid undissolved material 
was collected, washed and evaporated with ethanol to 
dryness in vacuo. The residue was boiled with ether and 
charcoal, and the filtered ether evaporated. The residue 
with l.p.-ether gave crystals (0-35 g.) of m.p. c. 136-140°: 
these were impure, for by Process A this product was con- 
verted into white needles of m.p. 167—168° ; H-test, negative, 
m-dinitrobenzene test, positive. (Found: C, 72-0; H, 9-2. 
CogH,,0; requires C, 72-2; H, 9°3%.) 
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DISCUSSION 


Table 1 shows properties of the ethyl esters of the 
six possible hydroxy-keto acids with the steric 
configuration of cholic acid. It is clear from this 
table and from the experimental section that the 
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(yellow) Hammarsten test may be given by cholic 
acid derivatives when the conditions stated by 
Yamasaki, Takahashi & Kim (1939) for the pro- 
duction of a blue or violet colour in the test are 
modified by the presence of a keto group at C, in 
the cholane nucleus. 





Table 1. Esters of hydroxyketocholanic acids 


Ester m.p. 
Ethyl 7:12-dihydroxy-3-ketocholanate 181-2° 
Ethyl 3:12-dihydroxy-7-ketocholanate 160-1 
Ethyl 3:7-dihydroxy-12-ketocholanate 161-2 
Ethyl 3-hydroxy-7:12-diketocholanate 1534 
Ethyl 7-hydroxy-3:12-diketocholanate 167-8° 
Ethyl 12-hydroxy-3:7-diketocholanate 168-9° 


esters now isolated from cows’ bile correspond to 
7:12-dihydroxy-3-keto- and 3:12-dihydroxy-7-keto- 
cholanic acids. The experimental conditions ex- 
cluded post-mortem bacterial action in the bile, 
and in a separate experiment it was found that 
cholic acid did not undergo the kind of ‘autoxida- 
tion’ demonstrated by Bergstrém & Wintersteiner 
(1942) for cholesterol. There seems no reason to 
doubt that the keto-acids could be formed by bac- 
teria in the cows’ intestines, and, if this is the case, 
subsequent absorption and re-excretion would ac- 
count for their presence in the bile. The bacteria 
concerned would probably include organisms other 
than Alcaligenes faecalis, for Schmidt, Hughes, 
Green & Cooper (1942) state that this organism 
probably does not form a dihydroxy-3-ketocholanic 
acid, although it does convert cholic acid to the 
7-keto derivative (Hoehn, Schmidt & Hughes, 1944). 
A further study of Table 1 indicates that a positive 
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Negative New substance 

Negative Borsche & Hallwass (1922) 
Negative New substance 

Yellow Haslewood (1944) 





SUMMARY 


1. Ethyl esters isolated from fresh cows’ bile 
indicate that the bile contains very small amounts 
(of the order of 5 mg./l.) of 7:12-dihydroxy-3-keto- 
and 3:12-dihydroxy-7-keto-cholanic acids; the form 
in which these acids occur in the bile was not 
determined. 

2. These keto acids may arise by bacterial action 
in the intestine, followed by absorption and excre- 
tion of the products. Bacteria other than Alcaligenes 
faecalis are probably concerned. 

3. A futher statement is made about the Ham- 
marsten test for cholic acid derivatives. 
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Hawkenbury Slaughter House, Tunbridge Wells, for their 
help in the collection of fresh authentic cows’ bile. 







Imai, I. (1937). Hoppe-Seyl. Z. 248, 65. 
Pearlman, W. H. (1944). J. Amer. 
806. 
Schmidt, L. H., Hughes, H. B., Green, M. H. & Cooper, E. 
(1942). J. biol. Chem. 145, 229. 
White, S. M. (1929). Biochem. J. 23, 1165. 
Wieland, H. & Kapitel, W. (1932). Hoppe-Seyl. Z. 212, 


chem. 


Soc. 66, 


269. 
Wieland, H. & Kishi, 8. (1933). Hoppe-Seyl. Z. 214, 
47. 
Yamasaki, K., Takahashi, K. & Kim, C. H. (1939). 


J. Biochem., Tokyo, 30, 239. 










vile 
nts 


rm 
10t 


ion 
re- 
18 


the 
eir 





Vol. 40 


55 


Experiments on the Chemotherapy of Cancer 
6: THE EFFECT OF AROMATIC BASES 


By E. BOYLAND, Chester Beatty Research Institute, Royal Cancer Hospital (Free), London, S.W. 3 


(Received 22 November 1945) 


The growth of tumours in mice has been shown to 
be inhibited by administration of large and repeated 
doses of certain aromatic amines containing sulphur 
in the molecule, such as 4:4’-diaminodiphenylsulph- 
oxide and sulphanilyl sulphanilic acid (Boyland, 
1938). Later experiments (Boyland, 1942) indicated 
that other amines which did not contain sulphur, 
such as benzidine, 4:4’-diaminodiphenylether and 
4:4’-diaminodiphenylmethane also had tumour in- 
hibiting activity. Most of the substances dealt with 
in the present paper can be considered in four 
groups: (1) sulphonamides, following the original 
observation that Prontosil-soluble acted as a vital 
stain and inhibitor of tumour growth; (2) diamino- 
diphenyl derivatives and possible precursors of 
these, in an attempt to find more potent substances 
than diaminodiphenylsulphoxide; (3) nitrosophe- 
nols, tried on the hypothesis that the hydroxylamino 
forms might inhibit catalase—an enzyme in which 
tumours are particularly deficient and (4) substances 
which might cornbine with metals, probably present 
in low concentrations in tumours and essential for 
cellular function (e.g. 2-mercaptobenzthiazole and 
the nitrosophenols which combine with copper). The 
object of the experiments has been to detect tumour 
growth-inhibiting action in compounds which might 
be safe to use over prolonged periods. 


EXPERIMENTAL 
Methods 


The experimental technique was the same as that used in 
earlier experiments (Boyland, 1940) each substance being 
tried on four mice with spontaneous mammary cancer and 
on groups of five Dilute Brown mice with the grafted 
sarcoma MCDB1. The mice were dosed orally, 12 times in 
14 days with a dose of each compound equivalent to one- 
quarter of the t.p. 50. If mice died during the repeated 
administration the dose was reduced to the maximum 
which the mice could tolerate. The growth of tumours was 
followed by measuring with calipers during a preliminary 
control period, then during the period of treatment and 
again for a period following treatment. The probability, 
P, of the effect on tumour growth being due to chance was 
calculated by the method of ¢. (All the experiments were 
completed by May 1941 but preparation of the data for 
publication has been delayed owing to the war.) 


Inactive compounds (preliminary tests) 

Several compounds were found to be inactive 
when tested on two mice bearing spontaneous 
tumours and were not investigated further, on 
account of the shortage of tumour bearing mice. 
These compounds (with the daily dose in paren- 
thesis) were p-aminobenzenesulphone-ethylaniline 
(20 mg.), tetrabromobenzidinesulphone (5 mg.), 
sodium-2-amino-8-naphthol-6-sulphonate (25 mg.), 
sodium 1-amino-8-naphthol-4:6-disulphonate (25 
mg.), p-phenylenediamine (1 mg.), 2-nitrodiphenyl- 
sulphide (5 mg.), p-nitrosophenol (5 mg.), nitroso 
R-salt (10 mg.), nitrosodimethylaminophenol (2 mg.) 
and phenylisopropylamine (2 mg.). - 


Results 


The data summarized in Table 1 show that com- 
plete inhibition of growth of spontaneous tumours 
in four out of four mice was produced by only three 
compounds—methylene blue (no. 87), 4:4’-diamino- 
diphenylsulphoxide (no. 48) and 4:4’-diaminodi- 
phenylether (no. 42). The difference in effect of 
thionine (no. 35) and methylene blue may be due to 
the larger dose of the latter which could be employed. 
In addition to these diamines mean inhibitions of 
100 % were obtained with compounds nos. 11, 18, 
23, 41, 43, 46, 48, 57 and 73, all of which are diamino- 
diphenyl compounds or precursors of such com- 
pounds, and by no. 74 which is a sulphonamide 
derivative. Inhibitions recorded as over 100% 
mean that the tumour appeared to diminish in size. 
Such diminution is much more variable than growth, 
so that differences in the rate of retrogression or 
‘negative growth rate’ are probably less important 
than differences in growth. 

The diaminodiphenyl compounds were generally 
more effective than sulphonamide compounds. 
Some diaminodipheny] derivatives had only slight 
activity; thus 4:4’-diaminodiphenylamine (no. 38) 
was almost inactive possibly because only small 
doses could be given repeatedly. The lengthening of 
the chain between the phenyl groups (as in nos. 
32, 33, 36, 37 and 49) did not appear to increase the 
inhibitory action. The two diaminostilbenes (nos. 
51 and 52) are similar to the 4-dimethylaminostil- 
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(Each column A, B, C and D refers to a separate mouse. If any diminution in size occurred during the treatment period this is 


Table 1. Ratios of the growth rates of mouse tumours under treatment to their normal growth rates 


E. BOYLAND 


recorded by a minus sign in heavy type and the inhibition is considered as over 100%.) 


Compound 


p-Amidinobenzene-sulphonamide 
p-Aminobenzene-sulphonamide 
2-(p-Aminobenzene-sulphonamido)-pyridine 
6-(p-Aminobenzene-sulphonamido)-quinoline 
p-Aminobenzene-sulphone-ethyl-piperidine 
p-Aminobenzene-sulphonyl-p-sulphonamido- 
phenyl-amide hydrochloride 
2-(p-Aminobenzene-sulphonamido)-thiazole 
4-Amino-4’-dimethylamino-diphenylether 
4-Amino-diphenylether-4’-trimethylammonium 
iodide 
2-Amino-6-ethoxy-benzthiazole hydrochloride 
1-Amino-8-naphthol-3-disulphonic acid 
2-Amino-2’-nitro-diphenyl-sulphide 
p-Aminophenol 
2-Aminopyridine-5-sulphonamide 
o-Aniline-sulphonic acid 
m-Aniline-sulphonic acid 
p-Aniline-sulphonic acid (Sulphanilic acid) 
1:2’-Azonaphthalene 
Benzidine 
Benzidine-sulphone 
Benzylamine hydrochloride 
p-Cresol-sulphoxide 
4:4’-Diacetamido-diphenyl-amine 
4:4-Diacetamido-dipheny]-ether 
4:4’-Diamidino-diphenylether dihydrochloride 
4:4’Diamidino-diphenyl-methane dihydrochloride 
Diamino-acridinium sulphate (Proflavine) 
4:4’-Diamino-azobenzene 
4:3’-Diamino-benzenesulphonamide 
4:4’-Diamino-benzene-sulphanilide 


) 4:4’-Diamino-benzene-sulphonyl-phenol 


4:4’-Diamino-3-carboxy-benzene-sulphonamide 
4:4’-Diaminodibenzyl 
4:4’-Diamino-dibenzyl ether 
4:4’-Diamino-2:2’-dinitro-diphenyl-methane 
Diamino-diphenaz-thionium chloride (Thionine) 
4:4’-Diamino-«:f-diphenoxyethane 
4:4’-Diamino-diphenoxypentane 
4:4’-Diamino-diphenylamine 
4:4’-Diamino-«:B-diphenyl-amino-methane 
2:2’-Diamino-diphenyl disulphide 
2:4’-Diamino-diphenyl ether 
:4’-Diamino-diphenyl ether 
:-4’-Diamino-diphenylmethane 
:-4’-Diamino-diphenylthiourea 
:4’-Diamino-dipheny] sulphide 
:4’-Diamino-dipheny] sulphone 
4:4’-Diamino-diphenyl-sulphone-glucose anil. 
4:4’-Diamino-diphenyl sulphoxide 
4:4’-Diamino-phenylbenzy] ether 
Di-(p-amino-pheny]-sulphone-ethyl)-amine 
2:2-Diaminostilbene hydrochloride 
4:4’-Diaminostilbene 

1:4’- Diamino-triphenylmethane 

Diansidine 

4:4’-Dibenzamido-diphenyl ether 
Diguanido-dipheny] ether 
2:4-Dinitro-2’-amino-dipheny] sulphide 
2:6-Dinitro-diphenylamine sulphoxide 
{:4’-Dinitro-diphenyl sulphide 
4:4’-Dinitro-diphenyl sulphone 
4:4’-Dinitro-diphenyl sulphoxide 
Dinitrosoresorcinol 
4:4’-Dipropionaminodipheny] ether 
y:y-Dipyridyl 


4 
4 
1 
1 
4 


Effect on 
grafted 
sarcomata 

] MCDB1 

L.D.50 Daily in groups of 
for mice dose 5-15 mice 
(mg. per (mg. per Inhibition 


Toxicity 


mouse) mouse) (%) 
30 5 7 
100 25 18 
100 5 7 
20 3 17 
10 2 7 
100 25 20 
50 10 2 
25 5 10 
40 5 7 
10 2 10 
200 25 12 
20 5 12 
30 5 12 
20 5 14 
>200 40 13 
>200 50 — 
>200 50 — 
>200 50 — 
20 3 5 
20 5 5 
100 15 + 
30 5 8 
20 5 -= 
200 10 30 
12 15 21 
45 5 18 
15 2 19 
25 5 14 
100 25 10 
100 10 9 
50 8 5 
100 25 0 
15 5 16 
20 5 7 
_ 5 22 
100 10 2 
80 20 = 
10 3 -- 
50 0-2 — 
8 2 ao 
12 2 18 
30 5 6 
20 5 16 
15 3 19 
2 0-5 — 
30 5 6 
10 2 15 
-— 10 23 
10 2 -— 
20 5 ‘14 
100 10 0 
100 25 13 
20 5 8 
50 5 6 
70 10 3 
80 20 a 
20 5 21 
25 5 15 
200 5 2 
25 5 — 
2 5 — 
25 5 — 
25 5 9 
60 15 — 
25 3 22 


Effect on spontaneous 
carcinomata 


Ratio of growth in 


treatment period to 


pon 
A 
—0-75 
0-40 
0-06 
0-85 
0-78 
0-27 


—0:31 
—0°85 
0-27 


—0-33 
0:39 
—1-62 
0-30 
0-40 
1-60 
1-09 
0-7 
—0-05 
0-44 
0-19 
0-63 
0-45 
1-50 
—0-11 
0-09 
0-43 
0-52 
0-29 
2-20 
0:56 
0-53 
0-10 
0-87 
0-41 
0-20 
0-32 
—0-49 
0-05 
0-86 
0:30 
0-07 
—1-19 
—1-25 
0-21 
0-00 
1-36 
—0-18 
0-73 
—0-46 
1-06 
0-87 
0-63 
—1-03 
0-82 
0-66 
0-80 
0-62 
0-62 
0-18 
0-72 
—0:31 
0-0 
—1-30 
0-94 
0-24 


control period 


B 
0-57 
0-75 
0-10 
0-20 
1-03 
0-07 


—0-14 
0-16 


0-69 
—0-31 
—0-72 

0-37 

0-43 

0-56 

0-00 

0-91 

0-40 

0-05 

0-36 
—0-12 

0-88 

0-90 

0-48 

1-0 

0-70 

0:39 

0-14 
—0-05 

1-10 
—0-50 
—0-95 

0-21 

0-00 

9-00 

0-19 
—0-32 
—0-06 

0-26 

0-63 

0-49 


> 
no 
N 


a 


RSS 


SSHOSSSOHSOSOSS OKO 
AnBSSSRSLBRSSAS 


SAGSLRRSORSRE aS 


0-34 
0-89 
0-08 
0-71 
1-66 
—0-44 
1-43 
O0-AT 
0-61 
0-31 
0-37 
—0-21 
—0-11 
—0-55 
1-56 
0-51 
—0-47 
—1-28 
0-00 
—0-75 
—0-22 
—0-18 
—0-63 
—0-49 
0-00 
0-86 
0-56 
1-00 
0-12 
0-24 
0:36 
0-25 
1-01 
—1-22 
0-57 
0-44 
0-12 
—0-14 
1-15 
0-07 
—0-08 


0-64 
0-33 
0-68 
—0-27 
0-48 
0-62 
1-22 
—0-22 
0-31 
0-40 
0-37 
0-47 
0-66 
0-60 
—0-10 
0:37 
0-72 
0-56 
—0-75 
1-16 
—0-17 
0-20 
0-26 
0-07 
0-79 
0-36 
0-00 
—0-11 
—0-20 
1-07 
0-62 
—0-43 
0-61 
0-94 
0-00 
—0-05 
0-47 
0-77 
0-79 
0-22 
0-35 
0-21 
0-28 
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Average effect on 
spontaneous 
carcinomata 

—"_ 

Inhibi- Proba- 

tion of bility (P) 

0-05 
0-02 


growth that the 
under inhibi- 
treat- tion is 
ment _ signi- 
(%) _ ficant 
8 Ol 
69 0-05 
75 0-05 
63 0-05 
8 03 
88 0-01 
95 0-02 
0-02 


0-2 
0-2 
0-02 
O-1 
0-1 
05 
0-4 


88 0-1 
75 0-01 
64 
55 
105 
51 
51 
28 
22 
86 
0-1 
0-05 
03 
0-4 
0-01 
0-02 
0-1 
0-01 
0-05 


0-05 
0:3 
0-01 
0-1 
0-1 
0-05 
0-05 
0-07 
0-05 
0-5 
62 0-1 
0-05 
0-25 
0-02 
0-03 
0-02 
0-2 


100 0-05 
80 0-05 i 
119 0-01 
56 0-2 
63 0-1 
17 0-2 
95 0-05 
89 0-05 
66 0-1 
46 0-1 
73 0-1 
116 0-05 
48 0-05 
63 0-05 
78 0-07 
102 0-05 
71 03 
56 0-1 
91 0-02 | 
' 
| 
} 


a iv iv Ot 


wm 





t 
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Table 1 (cont.) 

Average effect on 
spontaneous 
carcinomata 

Effect on Scere > 
grafted Effect on spontaneous Inhibi- Proba- 
sarcomata carcinomata tion of bility (P) 
Toxicity MCDB1 Ratio of growth in growth that the 
L.D.50 Daily in groups of treatment period to under inhibi- 
for mice dose 5-15 mice control period treat- tion is 
(mg. per (mg. per Inhibition = ——_—_*—___- ment _ signi- 
Compound mouse) mouse) (%) A B Cc D (%) _ ficant 
(65) 4:4’-Disuccinylaminodiphenyl ether 100 20 -- 063 4098 000 010 57 0-1 
(66) Disulphanilamide 60 15 — 0-25 —011 093 0-44 62 0-1 
(67) Di-o-tolylthiourea — 05 — 0-00 —014 103 1-46 41 0-3 
(68) Di-p-tolylthiourea 200 0-5 — 0-33 100 —000 0-23 61 0-07 
(69) Di-p-tolylthiourea es 5 20 0-71 028 045 O57 50 001 
(70) p-Heptylidene-amino-benzene-sulphonamide 100 25 4 —0-07 0-81 0-25 1-68 33 0-6 
(71) 2-Meraptobenzthiazole 80 20 15 062 O55 O21 0-96 41 0-1 
(72) 2-Meraptothiazoline 25 5 12 —037 065 079 0-40 63 0-1 
(73) ne 6 eens 100 4 17 — -0-22 040 —0-70 113 0-1 
sulphone 
(74) a eae en ae 200 50 0 —1:02 -014 -—0-20 0:33 126 0-02 
thiazole 
(75) 2-Nitro-2’-carboxy-diphenyl sulphide _ 5 — 0-0. 086 064 0:50 49 0-05 
(76) Nitroso-o-cresol 20 5 20 9-21 0-70 0-71 0-72 42 0-05 
(77) «&-Nitroso-B-naphthol 25 5 36 0-28 054 —018 —0-08 86 0-01 
(78) Nitrosoresorcinol 40 5 32 . 0-25 -010 0-78 0-40 67 0-05 
(79) o-Phenylenediamine 20 5 20 0-71 —0438 100 0-18 64 0-1 
(80) Phenylhydrazinesulphonic acid 100 25 28 058 044 O71 0-23 51 0-02 
(81) p-(y-Phenyl-propylamino)benzene-sulphonamide- 200 50 8 009 O00 005 0-46 85 0-01 
a y-disulphonic acid 
(82) B-Pyridinesulphonic acid 200 50 0 —057 023 036 0-40 89 0-02 
(83) 4-Sulphamido-2’:4’-diamino-azo-benzene 30 4 8 0:23 0-00 0-80 —0-22 80 0-05 
(Prontosil rubrum) 
(84) 4’-Sulphonamido-phen yl-azo-1-hydroxy-7- 80 20 19 044 O48 O57 0-73 45 0-01 
acetamido-naphthalene-3:6-disulphonie acid 
(Prontosil soluble) 
(85) Sulphanilyl-sulphanilic acid 100 10 6 0-25 —064 037 0:10 98 0-01 
(86) Tetramethyl-4:4’-diamino-diphenylmethane 25 2 2 0:00 000 0:26 0-75 75 0-05 
(87) Tetramethyl-diamino-diphenaz-thionium 40 8 1 00 -008 00 0-0 102 0-01 
chloride (methylene blue) 
(88) 2:4:2’:4’-Tetranitro-diphenyl sulphide 30 5 19 057 —0-21 -—0-29 -—1-00 98 0-01 
(89) Tolidine sulphone 20 5 3 054 O31 000 0:50 61 0-1 
(90) 2:4:6-Trinitro-4’-acetamido-diphenyl sulphone 30 5 5 146 0-63 1:20 0-71 0 _— 


bene reported to have inhibitory action by Haddow, 
Harris & Kon (1945). The 4:4’-diaminostilbene was 
active while the isomeric 2:2’-diaminostilbene was 
ineffective. 

In general the inhibition of tumour growth pro- 
duced by the compounds under discussion occurred 
only during the period of dosing. When dosing 
stopped the normal growth was restored. This was 
the case even with 1:2’-azonaphthalene, a compound 
which produced prolonged growth inhibition when 
injected intraperitoneally into rats or mice (Badger, 
Elson, Haddow, Hewett & Robinson, 1942). Ex- 
ceptionally prolonged inhibition lasting for 2-3 
weeks after cessation of dosing was observed in the 
present experiments with 4:4’-diaminodiphenyl- 
ether and 6(p-aminobenzenesulphonamido)-quino- 
line (no. 3). This prolonged action may have been 
due to an accumulation of the drug persisting in the 
mice for some time after dosing was stopped, 
although this appears to be unlikely. 


DISCUSSION 


The inhibitory effect observed with some com- 
pounds may be a secondary consequence of a general 
toxic action on the animals, as Stamer (1943) has 


suggested for the inhibitory action of 9:10-dime- 
thyl-1:2-benzanthracene on the growth of grafted 
sarcomata in mice and rats. In the present experi- 
ments the mice were given a daily dose of the 
compounds which was a constant ratio (1/4) of the 
median lethal dose, the aim being to measure 
inhibitory action, while keeping the ‘toxic action’ 
constant. Toxic effects, however, may possibly vary 
apart from lethal action. The dosing with an amount 
of drug which might be expected to kill a certain 
small proportion of mice might be a better method 
of administering more constant equivalent toxic 
doses of different compounds. This would involve 
preliminary determination of the slope of the dose- 
mortality curve in addition to the L.D. 50. 

By measuring therapeutic effects at a fixed frac- 
tion of the lethal doses, comparative figures varying 
roughly with the therapeutic index should be ob- 
tained. The dosing level chosen of 1/4 of the L.D. 50, 
now appears to have been rather high for the fol- 
lowing reasons: (1) a number of compounds—e.g. 
Prontosil soluble (no. 84), 4:4’-diaminodiphenyl- 
amine (no. 38), the diamidino compounds (nos. 
24 and 25), thionine, dianisidine (no. 54), 4:4’- 
dinitrodiphenylaminesulphoxide (no. 58)—could 
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not be given repeatedly at such a high level, because 
they had a cumulative toxic action. (2) If the dose- 
mortality curve is not very steep an appreciable 
number of mice are killed by doses equal to 1/4 of 
the u.D. 50. (3) The dose is too high to differentiate 
between effects of the more potent compounds. The 
dose used was chosen at the beginning of the work 
when it was thought that any effect on tumour 
growth would be difficult to produce. The results 
obtained, however, do suggest that there is some 
correlation between chemical structure and tumour 
inhibiting power. 

Sulphonamides have been shown to reduce the 
effective vitamin intake of animals by suppressing 
the intestinal flora, and the diminution of riboflavin, 
biotin or pantothenic acid in the diet of tumour- 
bearing mice is known to reduce the growth rate of 
tumours. It is therefore possible that the inhibitory 
effects obtained with sulphonamides may be a 
secondary effect of the impaired nutritional state 
of the mice. 

4:4’-Diaminodiphenylsulphone which was shown 
to inhibit tumour growth (Boyland, 1938) has since 
been found to inhibit the growth of tubercle bacilli 
in vitro, and the glucose anil (compound no. 47) has 
also some therapeutic effect on tuberculosis in 
guinea-pigs (Feldman, Hinshaw & Moses, 1942). 
The growth of tubercle bacilli is also inhibited by 
methylene blue, thionine (Freedlander, 1944) and 
4:4’-diaminodiphenylmethane(author’s unpublished 
observations). Tuberculostatic action has also been 
found with 1:2-benzophenothiazine (Freedlander, 
1944) which Badger et al. (1942) found to inhibit 
growth of sarcomata in rats. There may, therefore, 
be some relation between the structure of com- 
pounds which inhibit the growth of tubercle bacilli 
and the growth of some tumours. 
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Even the large doses used in these experiments 
have not produced much effect on the grafted sarco- 
mata, and the effects on the two types of tumours 
did not always go together. Both types of tumour 
were inhibited by 4:4’-diacetamidodiphenylether 
but the nitrosophenols (nos. 76, 77 and 79) were 
relatively less active against spontaneous carcino- 
mata than against grafted sarcomata. This is further 
evidence indicating that substances should be tested 
on more than one type of tumour. The specific effect 
of oestrogens in treatment of cancer of the prostate 
(cf. Huggins & Hodges, 1941) and of 9:10-dimethyl- 
1:2-benzanthracene in treatment of leukaemia in 
mice (Stamer, 1943) show that the use of different 
therapeutic agents may be found necessary to be 
efficacious in different types of cancer. 


SUMMARY 


1. Of a number of cyclic nitrogenous compounds 
which have been tested for tumour growth inhibition 
on carcinomata and sarcomata in mice the most 
effective of the substances used against carcinomata 
appear to be diaminodiphenyl derivatives such as 
benzidine, 4:4’diaminodiphenylether and 4:4’-di- 
aminodiphenylsulphoxide. 

2. The inhibitory action was generally only pre- 
sent during the period of dosing, but in the case of 
4:4’-diaminodiphenylether and 6-(p-aminobenzene- 
sulphonamido)-quinoline a more prolonged effect 
was obtained. 


This work has been supported by grants from the British 
Empire Cancer Campaign to the Royal Cancer Hospital 
(Free), for which thanks are due. Prof. 8S. Smiles, Messrs 
May and Baker Ltd., Messrs Burroughs Wellcome and 
Imperial Chemical Industries have generously provided 
many of the compounds which have been used. 
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The Nature of the Cation Exchanges during Yeast Fermentation, 
with Formation of 0°02 n-H Ion 


By E. J. CONWAY anv E. O’MALLEY, Department of Biochemistry, University College, Dublin 


(Received 22 September 1945) 


The entrance of potassium into yeast during short 
period fermentation, and its subsequent release was 
shown by Pulver & Verzar (1940). A similar inter- 
change was observed for bacteria (Hsch. coli) by 
Leibowitz & Kupermintz (1942). 

The ‘ammonia-yeast’ already described (Conway 
& Breen, 1945) offered a means of studying whether 
the movement of K was specific for this ion, In the 
course of such studies the further significance of 
these electrolyte exchanges was investigated and 
the occurrence was observed of a remarkable pro- 
duction of acid (0-02N) by ordinary bakers’ yeast 
under special but comparatively simple conditions, 
suggested by the theory advanced to account for 
the cation movements. 


METHODS 


Procedure with the ordinary or K-yeast. In Pulver & 
Verzar’s technique (1940) the yeast was first washed in 
tap water to get rid of any freely diffusible K; 1 part was 
suspended in 3 parts of 0-325°% NaCl for 5 hr., and then 
to 50 ml. ofthis suspension 20 ml. of 2% glucose were added. 
In this way there was an external K value of about 20 mg./ 
100 ml. immediately after adding the glucose. In the ex- 
periments here described, the yeast was likewise washed a 
few times either in tap water or in the standard solution 
to be investigated. Where an approximately stable K figure 
external to the yeast cells was required, it was found that 
this could be secured by washing the yeast only a few times 
with the required standard K solution. The volume and 
nature of the suspending fluid was varied with each group 
of experiments and is described accordingly. 

Procedure with the ammonia-yeast. Ammonia-yeast was 
prepared as previously described (Conway & Breen, 1941, 
1945). The freshly prepared ammonia-yeast was washed 
twice in 0-325% NaCl and then 1 part of yeast was sus- 
pended in 3 parts of the 0-325 % NaCl for some hours, when 
the external NH, concentration was about 20 mg./100 ml. 
The yeast was prevented from settling by the constant 
bubbling of air through the suspension. Details as to the 
various fermenting mixtures are described as they arise. 

Volume of the extracellular spaces. On the few occasions 
when this figure was required it was obtained either by a 
starch or an inulin method, in which the yeast originally 
suspended in a starch or inulin solution, was resuspended 
in tap water or saline and the starch or inulin content 
determined. 

Total hydrogen ion concentration within the yeast cells. 
This was determined in a somewhat similar way to Dixon 
& Atkin’s procedure (1913). The yeast was first pressed to 
exclude as much as possible of the extracellular fluid, this 


being reduced from approximately 20% to 4% of the total 
volume. The friable yeast powder was then pressed into a 
cylinder, surrounded by cellophan, and frozen in liquid air. 
On removal and warming by exposure to air, the liquid 
mixture resulting was centrifuged and the pH of the free 
juice thus obtained was determined by the glass electrode. 

The method used may give a somewhat lower pH than 
the true value. Probably the best method for total pH 
estimates in yeast is from a study of the bicarbonate-CO, 
system as applied to muscle by Conway & Fearon (1944), 
though this method is not very suitable for fermenting 
yeast. Using’ it for resting yeast suspended in its own 
volume of fluid having a composition similar to Ringer’s 
solution with increased bicarbonate content (about 12 
m.equiv./l.) and equilibrated with a gas mixture of 10% 
CO, and 90% oxygen, we obtained a value of approxi- 
mately 5-8-5-9 as compared with a value of 5-5-5-6 by the 
freezing method. It may be noted that Mahdihassan (1930) 
obtained a value of 5-9-6-0 by the method of micro-injection 
of different indicators into yeast cells, and Brandt (1945) 
a value of 6-2 for resting yeast by a method of rapid heat 
fixation, this value being increased by subjecting the yeast 
to high CO, tensions, with constant external pH. Brandt 
(1945) gives an account of the literature in a very full treat- 
ment of the effect of CO, in baker’s yeast. Here we were 
chiefly concerned in obtaining a maximum figure for the 
total internal acidity, and this the method described above 
appears to give, as shown by its comparison with other 
methods. 

Analytical 


Potassium. This was determined by a modification (Boyle, 
Conway, Kane & O’Reilly, 1941) of the method of Shohl & 
Bennett (1928). 

Ammonia. Determined by a micro-diffusion method 
(Conway, 1939; Conway & O’Malley, 1942). 

Sodium. This was determined by a modification (Boyle 
et al. 1941) of the method described by Salit (1932). 

Chloride. A micro-diffusion method was used (Conway, 
1939). 

Keto-acids. The total keto-acid content was estimated 
first by Lu’s method (1939) and later in accordance with 
Friedemann & Haugen’s procedure (1943). 

Phosphate. Inorganic and total P was determined by 
Berenblum & Chain’s method (1938). 

pH. The glass electrode was used throughout. 

Fermentation rate. This was determined by a micro- 
diffusion procedure. 2 ml. of the fermentation mixture 
were placed in the outer chamber and standard NaOH in 
the centre of a number of Conway units. At varying times 
the NaOH in the centre was titrated after preliminary 
addition of a little saturated BaCl,. After a short time a 
linear relation is established between time and CO, absorp- 
tion, which gives a measure of the rate of fermentation. 
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RESULTS 


I. Cation absorption 


(a) Ammonium ion by ammonia-yeast. This is 
shown by the following experiments. Ammonia- 


yeast was prepared (Conway & Breen, 1945) and 
suspended as described under Methods, so that 
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m.equiv. NH ;-N/l. suspension fluid 
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Minutes 
Fig. 1. Curves for the suspending fluid showing the ab- 
sorption and subsequent, release of NH, ions during fer- 
mentation of glucose by ‘ammonia-yeast’. A, no glucose; 
B, with glucose. 


the external ammonia content was approximately 
20 mg./100 ml. (This increased slowly with the time 
of suspension.) To 30 vol. of this suspension 1 vol. 
of 40% (w/v) glucose in 0-2m-NaH,PO, was added 
and mixed. A control sample without glucose was 
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followed by a rise in which the ammonia concentra- 
tion increases beyond its original value. The control 
without glucose usually shows a rise throughout. 
When the values from the control curves are sub- 
tracted from that with glucose, the resulting curve 
(Conway & O’Malley, 1943) is very similar to those 
obtained by Pulver & Verzar (1940) in their experi- 
ments on K absorption and by Leibowitz & Kuper- 
mintz (1942) for bacterial K exchange. Fig. 1 
summarizes an experiment in which the control 
curve rose only slightly, curve A being the control 
and curve B that with glucose. It will be seen that 
an essentially similar effect occurs with the am- 
monia-yeast and ammonium ion as with ordinary 
yeast and the K ion. Similar curves for ammonia- 
yeast were also obtained in repeat experiments on 
the same yeast. 

It may be concluded, therefore, that the cation 
absorption in fermentation is not specific for 
potassium. 

(b) K absorption ; effect of changing the external K. 
The yeast was washed twice in a standard solution 
of KH,PO, (made up in tap water). 1 vol. of the 
washed yeast was suspended in 2-5 vol. of the same 
standard KH,PO,, and 5 vol. of 14% glucose were 
added to 100 vol. of this suspension. For control 
experiments 5 vol. water were added instead of the 
glucose solution. Figs. 2, A and B show the results 
obtained with and without glucose on the same 
yeast. 

The following may be noted. (i) The K absorbed 
increases with the external K (the upper limit was 
not here determined, but is considered later for pure 












90 90 
80 80 
_ 20 70 
a me « 
5 a. : m/100 K /100 K * 
» * ae 
= s0|\/ A ™/200 K 4/200 K 30 
20 a ___,__NoK added , 000K 20 
ok ujs00K, 110 
7 no K added 


0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 









Minutes 


A 


B 


Fig. 2. Changes in the K content of the suspending fluid with and without glucose. 
Conditions described in text. A, with glucose; B, without glucose. 


similarly treated. Samples were taken at intervals 
and centrifuged at once, the supernatant fluid being 
analyzed for ammonia. After the addition of glucose 
the curve of the ammonia content of the supernatant 
fluid plotted against time shows a marked fall, 


KCI solutions). (ii) With decrease of external K a 
point is reached (about 10 mg./100 ml.) when no K 
is absorbed during fermentation, and below which 
K increases in the external solution. (iii) The onset 
of fermentation would appear to increase the per- 
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meability to K, sinve in the initial absence of ex- 
ternal K this ion emerges more rapidly, and to 
higher levels, when glucose is present than otherwise. 
After 3 hr. with glucose, K rose to 16 mg./100 ml. 
whereas without glucose it reached to only 7 mg./ 
100 ml. of the clear fluid. 


II. Changes associated with the cation absorption 


Hydrogen-ion concentration. Increase of H+ con- 
centration during fermentation was observed in all 
the experiments. There are two points of importance 
connected with this increase. 

(a) The change in pH is synchronous with the K 
absorption and subsequent release. This is shown in 
Fig. 3. For these experiments fresh baker’s yeast 


> @ 


pH, P or keto-bodies in yeast 





oO 
K in suspending fluid (mg./100 ml.) 


onw~ fS 


0 10 20 30 4 50 & 70 80 90 100 110 120 
Minutes 


Fig. 3. Curves of K, pH, and inorganic P content of sus- 
pending fluid and of ketc-acids in the yeast during short 
period fermentation. The ordinates on left express units 
of pH, also inorganic P (mg./100 ml.) in suspending fluid 
and keto bodies in the yeast (mg./100 g.). 


washed twice in tap water, 1 part, was suspended 
in 4 parts of m/300 KH,PO, for 4hr. It was kept in 
suspension by bubbling air through the mixture. 
To 1 vol. of this suspension 0-02 vol. of 30 % glucose 
was added. At various times samples were removed, 
immersed in crushed ice and centrifuged as quickly 
as possible. The various analyses were carried out 
on the supernatant fluid. 

(6) The K absorbed is largely accounted for as an 
exchange with H ions released into unbuffered mia- 
tures. The relations of K absorption to H ion release 
are shown in Table 1, which gives also the nature of 
the fermenting mixtures. It appears evident that 
the entrance of H ion into the suspending fluid 
increases with the concentration of KCl up to a 
certain level, and that a pH as low as 1-78 is reached 
(a pH of 1-55 has been recorded in one experiment). 
The concentration of free hydrogen ion (as deduced 
from the pH, with activity corrections) is about 
80% of that of the absorbed potassium. As shown 
below some K enters with Cl, and allowing for this, 
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the increase in H ion would appear about equal to 
the absorbed K. (A preliminary fermentation is 
mentioned in Table 1. This was found to increase 
the acidity subsequently developed in the second 
fermentation in the presence of KCl.) 


Table 1. H+ and K+ exchanges with different K* 
concentration in unbuffered suspending fluids 


(Fresh baker’s yeast was washed twice in tap water; 
then suspended in 4 parts of 0-6% glucose and fermented 
for 2} hr. 50g. lots of the centrifuged yeast were taken 
and each washed twice in the KCl solution (m/200, m/50, 
m/25, m/10, m/2) then 25 ml. of the KCl solution and 5 ml. 
30% glucose were added.) 


K in centrifuged Increase 
fluid of free H+ 
—-——_—"——_ cone. Decrease 
At zero After pH of the (allowing of potas- 
time 20 min. centrifuged for activity sium 
(mg./ (mg./ fluid after correction cone. 
100 ml.) 100 ml.) 20 min. (ma./1.) (moM.) 
17 9 2-62 3 2 
80 39 2-18 8 10 
147 88 2-00 11-5 15 
330 234 1-77 20 25 
1760 1650 1-78 21 28 


(c) With sufficient glucose for the continuance of 
the fermentation the external H- and K-ion concentra- 
tions reach in about 30 min. a steady state which may 
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Fig. 4. pH curves of fermenting mixtures with different 
glucose concentrations at zero time. 


continue for hours. This is shown for the H-ion 
concentration in Fig. 4, the conditions being the 
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same as for the experiments referred to in the pre- 
vious section, but without a preliminary fermenta- 
tion before the addition of K+. 

Keto-acids. The fermenting mixtures were the 
same as described for the hydrogen-ion changes 
(§ (a)). The results are shown in Fig. 3 and may be 
compared with the K and pH curves. It will be 
seen that the increase, in keto-acid content also 
synchronizes with the K absorption, though this in 
itself is not a definite indication that keto-acids are 
the source of the hydrogen ions extruded. 

Sodium. While K freely enters during fermenta- 
tion, we have found that the Na ion does not enter, 
confirming the observations of Pulver & Verzar 
(1940). While it is true that in some experiments 
with low Na and K there was evidence of Na enter- 
ing, though much more slowly than K, yet with high 
Na and conditions similar to those when K is ab- 
sorbed, no appreciable Na disappears from the 
external fluid. This is shown for two experiments 
in Table 2. 


Table 2. Effect of fermentation on the Na+ and H+ 
concentrations of suspending fluid containing ini- 
tially only NaCl and glucose 


(50 g. fresh baker’s yeast washed twice in n/20 NaCl 


25 ml. n/20 NaCl plus 5 ml. 30% glucose were then added.) 


At zero time After 30 min. 





SRN A a Pe = a 
Na Na 
(mg./100 ml.) pH (mg./100 ml.) pH 
95-8 4-36 95-5 2-96 
95-8 4-00 97-8 2-85 


It is of interest to note that not only is no appre- 
ciable Na absorbed, but the fall in pH is considerably 
less than if KCl were used, when the pH figure would 
be approximately 1-7—-2-00. Hence a marked rise 
in hydrogen-ion content is dependent on the K 
absorption. 

Chloride. The chloride change on fermentation 
was investigated with approximately N/100 KCl as 
the suspending fluid; the yeast was also previously 
washed in n/100 KCl. The volumes were 100 parts 
yeast, 150 parts N/100 KCl and 5 parts 35 % glucose. 
Under these conditions there was a marked potas- 
sium absorption after 30 min. (2-8 m.equiv./l. sus- 
pending fluid), but very little change in Cl (only 
0-1 m.equiv./l.) in the same period (as shown in 
Table 3). The experiment was repeated with ap- 
proximately n/10 KCl, and smaller volumes of 
external fluid, the mixture being 1 vol. yeast, 
0-5 vol. KCl and 0-0% glucose. Here, again, con- 
siderable K was absorbed—32-7 m.equiv./l. of sus- 
pending fluid after 30 min., and at the same time 
the Cl absorbed was only 5-4 m.equiv./l. (the fall 
in Cl became more marked at 60 min., as shown in 
Table 3). 
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Table 3. Effect of fermentation on 
Cl absorptions relative to K 


Change in cone. in 
suspending fluid 
(m.equiv./I.) 

Volume 
pH conditions 
Initial cone. in suspending fluid of 

K and Cl=9-7 m.equiv./I. 


0 0-0 00 44 100g. yeast, 150ml. 
15 - 15 - 06 3-1 suspending _ fluid, 
30 — 28 - 01 28 5 ml. 35% glucose 
60 - 2-2 - 03 30 

Initial conc. in suspending fluid of 
K and Cl=88 m.equiv./I. 

0 0-0 00 425 1 part yeast, 05. 
15 — 9-7 - 03 2-63 parts suspending 
30 — 32-7 - 54 1:97 fluid, 0-1 part30% 
60 —31-4 — 10-2 1-93 glucose 


The volumes of the suspending fluid were checked 
throughout the course of the fermentation by centri- 
fuging samples in capillaries and measuring the 
lengths of the columns of clear fluid and yeast. 
There was no appreciable change. 

The results show, therefore, that only a relatively 
small proportion of Cl is absorbed relative to the 
K ion, but that some is absorbed appears evident. 

Phosphate. It was at first considered (Conway & 
O'Malley, 1943) that the explanation of the K 
absorption during fermentation might lie in the 
associated absorption of inorganic phosphate, which 
esterified with glucose or its derivatives and con- 
verted into a non-diffusible anion, would hold the 
K. electrostatically. It was found, however, that 
inorganic P absorption would account for only a 
small fraction of the K absorption. Also, very 
considerable K absorption could occur in the absence 
of phosphate, as already shown. 

In Fig. 3 is shown the typical course of the inor- 
ganic P concentration after adding glucose. The 
conditions were the same as for the hydrogen-ion 
and keto-acid curves of Fig. 3. 


III. H and K exchanges with different K and H 


concentrations outside the yeast cells 


From the previous sections it would appear that 
during fermentation and above a certain external 
K level, K ions move across the cell membrane in 
exchange for H ions. At one external K concen- 
tration there is no exchange and below it K ions 
emerge from the yeast cells. With sufficient sugar 
outside the yeast cells a steady state of the relations 
can be maintained for a relatively long period. This 
suggests a movement of K and H i6éns to some 
relation representing zero energy change of small 
transfers of a kind which would be ordinarily termed 
an equilibrium relation, but which must be thought 





946 


d, 
se 


he 


1 


Se SES ESS SUC SellCitC SSC i UCU 





Vol. 40 


of as occurring here with a steady state of organic 
reactions and their relatively large energy changes. 
In an approach to a quantitative expression of the 
K and H exchanges, the following picture of the 
conditions may be assumed. In some region of the 
cell, which may be regarded as a surface, an organic 
acid is being formed, and in a steady state is dis- 
appearing as fast as it is formed. A steady concen- 
tration of the acid is then present at the surface 
and may be assumed to be in relatively higher 
concentration than in the surrounding fluid. The 
acid is ionized and forms free H ions (attached to 
the surface) and organic acid anions. An increase 
or decrease of the external K concentration now 
causes an exchange of K and H ions, and the transfer 
may be, at least initially, considered as occurring in 
accordance with the Donnan membrane principle, 
a steady state of H concentration at the membrane 
behaving like a fixed concentration. We may write 
then, 
_ HlVo __ (Ko—X)/Vo 
a, (H,—X)/Vy a, (K,+X)/V,’ 
= cone. of H ions in the ‘acid’ region 
of the yeast, expressed as m.equiv., 
corresponding to | 1. external fluid. 


(1) 


where H, 


Ky, =m.equiv. K ions, similarly to H, 
(before the transfer or movement 


of K). 

H,, Ky =cone. of external H and K ions 
(m.equiv./l.). 

V,, V, =external volume and volume of the 
‘acid’ region; V, may be taken 
as 11. 

x =m.equiv. K ions absorbed (per litre 
of external fluid). 


a, and « represent activity factors, which 
inserted as above convert the ratio 
of concentrations into ratios of 
activities. 


In the further treatment two special conditions will 
be dealt with. 

The external solution buffered. From equation (1), 
and assuming that «, and «, are approximately 
equal, we may derive 


2X =(H,+H,+Ky) 


—V[(H)+H,K,)?—4(KjH,—H,K,)). (1) 


This equation has been studied with a Ky value 
of 4-6 throughout. The mean data were obtained for 
three sets of experiments in which the pH was varied 
from 1-8 to 5-0. In these experiments 1 part of yeast 
was suspended in 3 parts of N/200 KCl. m/50 sodium 
acetate was used for buffering with varying HCl 
additions. In some experiments the pH was changed 
merely by adding HCl or NaOH in small quantities. 
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The pH did not remain throughout quite constant 
(but this was not essential), and the pH of the 
30 min. period when the maximum pH change was 
usually reached was taken. The concentration of 
glucose in the external fluid at zero time was 0-6 %. 
With a K, of 4-6 equation (1) becomes 

2X = (4-6+ H,+H,) 

—/[(4-6+ H,+H,)?+4(H, K,—4-6H,)]. 
When X is zero, from equation (2), 

H,K,=4-6H,. 

From Fig. 5 it will be seen that the curve through 
the points above and below the line of X =0, cuts 
this line at approximately 2-38 pH or 


4-2K,=46H, and H,=0-9K,. 


(2) 


Hence 
2X =(0-9K,+4-6+H,) 

—V[(0 9K +4-6+H,)?+4(H,K,—4-14K,)]. (3) 
Putting in values of H, a series of curves may be 
obtained for different K, values. The solid line in 








K absorption from suspending fluid (m.equiv./l.) 





Fig. 5. K absorption from suspending fluid (m.equiv./l.) 
at different pH levels. Observations taken 30 min. from 
beginning of fermentation. Conditions described in text. 
The various curves are theoretical curves from equations 
for different K, values. 


Fig. 5 corresponds to a K, value of 5-0, H, being 
then 4-5. The equation describing the data is 


2X =(9-1+H,) 


—V/[(9-1+ H,)? + 20H, — 82-8}. (4) 


The external solution unbuffered. The conditions 
here were the same as for Table 1, 1 vol. of yeast 
being suspended in 0-6 vol. fluid containing only 
KCl and glucose. 

With the fluid unbuffered any additions of H ion 
to it may be assumed to change the pH just like 
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equivalent additions of strong acid. Hence H,=X, 
and from equation (1), again assuming the activity 
factors to be approximately equal, 


KA, 
~ K,+K,+H, 


, 





4 (5) 
As K, is increased X approaches H,, so that H, can 
be determined in this way. For the series of experi- 
ments in Table 1, X appears as 21 m.equiv./l. of 
the external fluid. This figure largely agrees with 
that obtained for the previous group of buffered 
experiments when we consider that for unit volume 
of yeast five times the volume of suspending fluid 
was used compared with those under consideration. 

Fig. 6 shows a series of curves with different Ky 
values and H,=21. It will be seen that when 


K,= 10, the curve describes very well the experi- 
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IV. Effect of carbohydrate inhibitors 
on the K absorption 





It would appear that the nature of the potassium 
absorption consists very largely in a direct exchange | 
of K and H ions and that only a small fraction } 
enters accompanied by anions. The question arises 
as to the immediate source of the H ions. To examine 
this a number of inhibitors were tried. The effect of 
fluoride, monoiodoacetic acid, cyanide and arsenate 
are shown in Fig. 7. In these experiments the yeast 
was washed twice in M/200 KH,PO,, and then made 
up one in four in this solution; 50 ml. vol. were 
taken and to each 5 ml. of the inhibitor solution 
(m/10) was added and the suspension aerated for 
30 min. 2 ml. of 18% glucose was then added at 
zero time. 
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Fig. 6. Fig. 7. 
Fig. 6. K, is the initial potassium concentration of the suspending fluid (m. equiv./l.), and X that of the hydrogen ion 


liberated per litre of suspending fluid. The curves are from equations with different K, values. 


Fig. 7. 


mental points. From the previous experiments 
(buffered solutions) the K, value of 25 might have 
been anticipated, but the yeast for the unbuffered 
experiments had been not only well washed but 
also passed through a preliminary fermentation 
stage with only glucose present in the suspending 
fluid. 

These quantitative relations of K and H are 
again dealt with in the Discussion. 





Curves showing the effect of carbohydrate inhibitors (M/200) on the K absorption. 





It will be seen that the external K after 30 min. 
action of monoiodoacetic acid and fluoride was 
somewhat higher than for the control, or when the 
other inhibitors were present, showing that iodo- 
acetate and fluoride caused a greater release of K 
from the yeast, but in the subsequent fermentation 
they very largely inhibited the absorption of K as 
compared with the control experiment. Arsenic 
and cyanide markedly increased the K absorption. 
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The great effect of monoiodoacetic acid and 
fluoride indicates that the H-ion formation causing 
the K interchange is entirely or mainly located at 
or below the stage of phosphopyruvic acid formation 
in the progressive breakdown of carbohydrate. The 
source of the H ions will be dealt with in a sub- 
sequent communication. 


DISCUSSION 


It is clear from the foregoing experiments that the 
K absorption and release during short period fer- 
mentation as noted by Pulver & Verzar (1940) does 
not turn on some special quality of the ion other 
than its size or shape, since the ammonium ion 
behaves similarly with an ammonia-yeast in which 
all the K has been replaced by ammonia. 

The rapid absorption of K is essentially an inter- 
change with H ions, as shown by the practically 
quantitative relations of K absorbed and H ex- 
truded, when the solution is unbuffered initially. 
The production of high acidity (pH values of the 
order of 1-7 and 1-55 are recorded) is of special 
interest in suggesting a way in which the high 
acidity of such fluids as gastric juice is produced. 
The quantitative relations of the K and H inter- 
changes are usefully interpreted by the assumption 
that the movement is towards a position of zero 
free energy with respect to the apparent osmotic 
and electrical work done in the transfers. This is 
only another way of saying that the Donnan prin- 
ciple appears to apply to these electrolyte exchanges 
in a steady state of the fermentation, in which, of 
course, there is much energy liberation but of a kind 
not directly linked with the absorption of potassium 
and release of H. ions. 

In a fuller interpretation, however, the following 
difficulty arises. If in some acidic region of the yeast 
celltheratio of K- and H-ion concentrations becomes 
the same as the external value, it would be expected 
that this ratio should also apply to the K and H ions 
throughout the yeast cell. But the concentration 
of K in the yeast cell as a whole is of the order of 
100mm. or more, and the H-ion concentration is 
relatively very small (pH of 5-5-5-6 resting and 
5-8-6-2 in fermenting yeast measured as described 
under Methods). The following points may therefore 
be considered. 

(a) The free K-ion concentration in the yeast cell 
may be far lower than the total concentration of K, 
though probably much higher than the free H-ion 
concentration; yet its mobilization into the acid 
region may so deplete the amount remaining that 
the ratio of the K- and H-ion concentrations comes 
to be about the same as the external ratio. In this 
picture the K mobilization from within may be 
assumed to be only a fraction of that from without. 
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However, we may apply this principle quantita- 
tively, the free K-ion concentration in the yeast cell 
could only be a small fraction of the total concen- 
tration. 

(6b) The acidic region may be separated from the 
remainder of the cell by a special membrane; and if 
some enzymes in the yeast cell work best at a much 
lower pH than that registered for the whole cell, 
this would seem a reasonable hypothesis. This mem- 
brane may be considered impermeable or only very 
slowly permeable to cations. 

(c) If, during the transference of one of the ions 
K+ or H+ from the acidic region to the remainder 
of the yeast cell, work is done additional to the 
apparent osmotic or electrical work arising out of 
the concentration differences, then for such internal 
relations the Donnan principle cannot apply. 

Concerning explanation (a) it is improbable that 
the free K concentration is so much lower than the 
total K. In such cellular material as muscle fibre, 
for example, there is a similar total K which is all 
or practically all ionized (Boyle & Conway, 1941). 
The total exchange of K by ammonia in the pro- 
duction of ammonia yeast (Conway & Breen, 1945), 
shows that at least the K cannot be bound by 
reactions specific for potassium. 

Further work is necessary to produce evidence 
adequate for deciding between the other two ex- 
planations. 

The present investigation shows that the mem- 
brane of the yeast cell, during fermentation at least, 
has a permeability for inorganic electrolytes similar 
to that of muscle (Conway & Boyle, 1939; Boyle & 
Conway, 1941). (It may be mentioned that it is 
also similar to that of the liver and proximal con- 
voluted tubule cells of the frog, according to un- 
published experiments made in this laboratory.) 
The permeability is such that K and small anions 
can freely pass through the membrane, but Na and 
the larger anions are either debarred or pass very 
slowly. The slow passage of Na would involve a 
special energy-expending mechanism for extruding 
it. The facts so far established do not appear to 
warrant the assumption of such a mechanism for 
muscle fibres, liver or yeast cells (ef. Conway, 1945). 

The question is of such general importance that 
the following may be added. The isolated sartorius 
muscle of the frog has been shown to accumulate 
KCI in large amounts over some hours (Boyle & 
Conway, 1941), while during 48 hr. or more (in the 
cold) there is no appreciable increase of Na within 
the fibres, when the external Na concentration 
is approximately that of Ringer’s solution. There 
can be no question here of a competition between 
K and Na for acidic points within the cell, or any 
similar idea, for the K and Cl ions are entering 
together. Hence, if Na ions enter they must be 
extruded back against a gradient, a process neces- 
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sarily requiring the expenditure of energy. But this 
energy expenditure would be of a kind quite un- 
affected by cyanide and occur at a temperature at 
or close to 0° (as may be shown), the muscle fibres 
under these conditions being, if anything, more 
efficient in keeping out Na ions over long periods 
(provided that there is always enough external K to 
maintain that in the muscle, and for isolated tissue 
this external K is much higher than the ordinary 
blood level). It may be urged that the idea of active 
Na extrusion from muscle fibres receives support 
from Heppel’s experiments on rats (1939, 1940), fed 
with a K-free diet. In such experiments the muscle 
Na increases markedly, and it exchanges freely with 
the radioactive isotope, even more rapidly than 
the corresponding interchanges observed between 
radioactive K and muscle K. If such a fact were 
interpreted as indicating that Na entered the normal 
tissue as freely (or even more freely) than K, appli- 
cation of this principle to the isolated sartorius of 
the frog would require that the active extrusion of 
Na from 1kg. muscle tissue would demand a 
minimal energy expenditure greater than that neces- 
sary for the whole normal excretion of urea by an 
average human subject. (This calculation may be 
made from the data supplied by Conway & Moore 
(1945), and Conway & Boyle (1941).) Such a free 
entrance of Na into muscle therefore appears to be 
untenable, and this conclusion is further strength- 
ened by the fact that cyanide does not affect the 
cation exchange. 

From these considerations, Heppel’s results are 
seen to provide strong evidence that when the K 
ratio (and thus the potential) across the membrane 
of the muscle fibre reaches a certain level, an ab- 
normal permeability develops in at least some of 
the fibres; the differential permeability as between 
K and Na is lost, Na freely enters, and can then, of 
course, freely exchange with its isotope. A similar 
result follows (as we have shown in unpublished 
experiments) with the isolated sartorius when this 
is subjected to low external concentrations of K. 

Also, it has been shown (Conway & Moore, 1945) 
that KBr or KNO, enter the osmotically active 
muscle fibres at much slower rates than KCl, and 
that no measurable amount of K,SO, enters in some 
hours at room temperature. The anions therefore 
exhibit a graded series in which the rates of entrance 
diminish to zero, and it will be allowed that no 
special mechanism for extruding Br, NO, or SO, is 
at all likely. The cations also show a graded series 
of rates, K>Rb>Cs>NH, (without CO, in the 
case of NH,), and finally Na, this last entering in 
the cold at a rate too low to be measurable in 


48 hr. (provided there is enough external K to 
maintain the K levels). 
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Consideration of these facts concerning Na per- 
meability in muscle makes it evident that only two 
alternative explanations remain: either the mem- 
brane is absolutely impermeable to Na, or that 
there is a very slow entrance and extrusion, the 
latter requiring very little energy expenditure. 
Similar observations will be shown elsewhere to 
apply to yeast cells. At present, however, there is 
no definite evidence for such Na extrusion from 
muscle fibres, liver cells, etc., although, of course, 
the active passage of Na through cells does occur in 
certain tissues specialized for this purpose, such as 
the distal convoluted tubules of the frog. 


SUMMARY 


1. The absorption of potassium and ‘its subse- 
quent release by yeast in short period fermentation 
(Pulver & Verzar, 1940) is simulated by the absorp- 
tion and release of ammonium ion into ammonia- 
yeast (Conway & O’Malley, 1943; Conway & Breen, 
1945). 

2. When the external potassium is changed prior 
to such fermentation there is found to be one con- 
centration above which potassium is absorbed and 
below which potassium is released. This concentra- 
tion for the conditions investigated is in the region 
of 10 mg. K*/100 ml. 

3. The hydrogen-ion concentration of an un- 
buffered suspending solution follows closely the 
changes of potassium in fermentation, and when 
the external K is raised to about N/10 to Nn/2 the 
acidity produced can reach a pH of 1-78 or less 
(with 1 part of yeast to 0-6 of suspending fluid 
containing 5% glucose). The free H ion produced 
under the described conditions accounts by ex- 
change for about 80% of the K* absorbed, and the 
remainder of the absorbed K* appears to enter in 
association with Cl. 

4. The exchanges of H and K ions are very well 
described quantitatively by simple equations which 
are based on a movement of the inorganic ions to 
reach a Donnan relation in a steady state of the 
fermentation process between some region of the 
cell and the external fluid. 

5. The effect of inhibitors shows that the main 
source of the acidity lies at or below the level of 
phosphopyruvie acid in the breakdown of carbo- 
hydrate. 

6. Keto-acid formation shows a parallelism with 
H-ion formation but quantitatively keto-acid forma- 
tion is inadequate to account for the H ion produced. 

7. The investigation shows incidentally that 
during fermentation the membrane of the yeast cell 
becomes more permeable to K*; also that, during 
fermentation at least, it is permeable to Cl” but it is 
impermeable or very slowly permeable to Na*. 
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The Metabolism and Functioning of Vitamin-like Compounds 


1. AMMONIA FORMATION FROM GLUTAMINE BY HAEMOLYTIC STREPTOCOCCI; 
ITS RECIPROCAL CONNEXION WITH GLYCOLYSIS 


By HENRY McILWAIN, Unit for Research in Cell Metabolism (Medical Research Council), 
Department of Biochemistry, The University, Sheffield 


(Received 5 October 1945) 


Nutritional studies have led to the identification of 
many substances which are essential for normal 
growth or behaviour of living organisms. In certain 
but not in all cases, the need for such substances has 
been found to be connected with their reactions in 
particular component systems of the organism. The 
commonest biochemical method of localizing vita- 
min action has followed Peters’s (1936) observation 
that the metabolism of pyruvate, by intact animals 
or by tissues separated from them, was retarded 
during deficiency of aneurin but restored after its 
addition. This method, involving the successive in- 
duction and making good of a nutritional deficiency, 
has not always been found applicable. This is under- 
standable for, to take as an example the case quoted 
above, stimulation by aneurin depended on circum- 
stances which included: deficiency in aneurin being 
compatible with life of the organism, and means 
being found to produce deficient tissues; the de- 
ficient tissues being able to synthesize the added 
vitamin to the functioning coenzyme; and other 
components in the system using the coenzyme not 
being proportionately reduced in deficiency and 
remaining capable of reacting with the newly syn- 
thesized coenzyme. 

Investigations of a different type (McIlwain & 
Hughes, 1944) gave an instance of a relationship 
which might be regarded as the inverse of that 
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above, and used as a supplementary or comple- 
mentary method for localizing vitamin action. In 
this case, the addition of pantothenate to suspen- 
sions of bacteria which needed pantothenate in 
growth was not at first found to initiate or accelerate 
any process except its own inactivation; but the 
inactivation was connected with bacterial meta- 
bolism in that it occurred only during the progress 
of a reaction such as glycolysis. Evidence was 
obtained that this might be due to participation of 
pantothenate in glycolysis. The effect was thus in 
some ways comparable to the connexion found 
between aneurin requirement and carbohydrate 
intake in animals, and also to certain linked reac- 
tions in intermediary metabolism. The investiga- 
tions of Lwoff & Lwoff (1937), Morel (1941) and of 
Winzler, Burk & du Vigneaud (1944) are also in 
many ways analogous. 

In the present series an attempt is made to find 
how general and significant are such reactions and 
how their occurrence in non-proliferating cells may 
be connected with the physiological functioning of 
the substance, for example, in growth. In its rela- 
tionship to f-haemolytic streptococci, for some 
strains of which it is a growth-essential (McIlwain, 
Fildes, Gladstone & Knight, 1939), glutamine has 
now been found to offer an example of both methods 
of connexion between a vitamin-like substance and 
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a metabolic process, in that it was metabolized only 
during the course of a reaction such as glycolysis; 
and, also, it stimulated the reaction. The present 
paper describes the circumstances under which 
metabolism of glutamine occurs in haemolytic 
streptococci; the products, kinetics, and specificity 
of the reaction will be described later. 


EXPERIMENTAL 


Organisms. The cultures examined are given in 
Table 1; all were of human origin. B-Haemolytic 
streptococci, except the two stated as being pas- 
saged, were first examined within a few days of 
their isolation. For the present experiments they 
were maintained for 2-3 weeks on blood-broth, 
during which time their reactions to glutamine did 
not change. From the blood-broth, subcultures on 
serum-broth-agar were made for daily use. Passage 
was through mice at intervals of about a month, 
the cultures meanwhile being maintained by weekly 
subculture in blood-broth. 
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tants during experiments were made from side-arms. 
In aerobic experiments either (a) the reaction mix- 
ture was identical with that above but yellow phos- 
phorus omitted from the well and air-CO, used in 
the gas space, or (b) the reaction mixture contained 
0-06m-phosphate of pH 7-6 in place of bicarbonate; 
the well, 2N-NaOH; and the gas space, air. 
Materials. In most cases specimens of /( + )glut- 
amine of natural origin were employed. Commercial 
specimens were purified by separation of associated 
materials as Pb salts, precipitation of glutamine as 
a Hg compound, and its recrystallization from 
aqueous alcohol (Vickery, Pucher & Clark, 1935). 
Three independently prepared specimens gave indis- 
tinguishable biological responses. Synthetic dl- 
glutamine was prepared from synthetic dl-glutamic 
acid (McIlwain & Richardson, 1939) by Bergmann, 
Zervas & Salzmann’s (1933) method. 
Determination of NH, and glutamine. Free NH, 
was determined in a Parnas apparatus by distillation 
from a borate-Na,CO, mixture of pH 9 and titration, 
warm, with n/100 H,SO, in aqueous ethanol, using 


Table 1. Type and origin of streptococci studied 


Lancefield 
group (of the 
B-haemolytic 


Abbreviation 
used in later 





tables Streptococci organisms) Origin 

R Strep. haemolylicus A National Collection of Type Cultures (no. 5631 
‘Richards’); passaged through mice 

Pt Strep. haemolyticus A Throat 

3081 Strep. haemolyticus A Vagina 

UB Strep. haemolyticus B Throat 

UC2 Strep. haemolyticus C Throat 

G Strep. haemolyticus G Throat; passaged through mice 

F Strep. faecalis («x-Haemolytic) Faeces 


Growth. For metabolic studies the organisms were 
grown for 16—18 hr. in 100 ml. batches of the ‘growth 
medium C’ of McIlwain & Hughes (1944). This con- 
tained a casein hydrolysate, glucose (0-05M), ar- 
ginine (4x 10-4m), glutamine (4x 10-4m), added 
ammonium salts (6-8 x 10-4), several growth-pro- 
moting substances, and was buffered with phosphate 
and NaHCO,/CO,; its initial pH of 7-6 remained > 6 
when the organisms were collected. This was by 
centrifuging, after which the cells from 100 ml. were 
washed twice with 10 ml. of 0-9% NaCl and sus- 
pended in salt solution. Suspensions were used 
within 2 hr. of their preparation, but remained 
capable of glycolysis and glutamine metabolism 
after at least 30 hr. storage at 2°. 

Metabolism. Most experiments were carried out 
anaerobically at 37° in Warburg vessels (conical, of 
c. 20 ml.) with 1-10 mg. dry weight of bacteria and 
3-3-5ml. of solution containing 150 pmol. of NaHCO, 
and other reagents in equilibrium with 5% CO, 
in N,. Anaerobiosis was maintained by yellow 
phosphorus in a centre well, and additions of reac- 


Tashiri’s indicator incorporated in the standard acid 
according to Conway (1935). Glutamine was deter- 
mined as the additional NH, liberated under the 
mild conditions of hydrolysis specified by Vickery, 
Pucher, Clark, Chibnall & Westall (1935); for dis- 
tillation of the total NH, after such hydrolysis, a 
mixture of NaOH and borate of pH 9-5—10 was used. 
Both determinations were carried out on measured 
portions ot complete reaction mixtures, without 
separation of bacteria. It is recognized that caution 
is needed in interpreting ‘labile amide-N’ as glut- 
amine, in miscellaneous natural materials; but no 
inconsistencies have been found in accepting such 
an interpretation in the present experiments. These 
involve relatively large quantities of glutamine 
added as the pure compound, and relatively small 
quantities of bacterial substance. The ‘labile amide- 
N’ from 5 mg. dry weight of bacteria, in a typical 
experiment in which the NH, change due to the 
organisms was 8ymol., was 0-5 mol.; no opinion is 
expressed with respect to the origin of the bacterial 
‘amide-N’. 
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Lactic acid was determined through the acet- 
aldehyde formed on its oxidation (Friedemann & 
Graeser, 1933) and succinic acid by the dehydro- 
genase of muscle (Krebs, 1937). 


RESULTS 
A. Glutamine breakdown by streptococci 


(1) Its independence of growth and viability. Pre- 
liminary experiments showed that when several 
strains of haemolytic streptococci were grown over- 
night in media containing known quantities of 
glutamine, much of this substance disappeared 
from the culture fluids and could not be extracted 
from the bacterial cells, nor detected in them in 
quantities sufficient to account for the amounts lost 
from the culture fluids. In attempting to reproduce 
this process under simpler conditions (Table 2) 
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glucose. The reaction, with washed streptococci, in 
most cases proceeded readily in inorganic salt solu- 
tions containing glucose and glutamine. The reaction 
required the presence of the organisms, but the 
suspensions concerned changed little, if at all, in 
optical density during the reaction. Thus in an 
experiment in which 8-lymol. of glutamine were 
inactivated in 105 min., the dry weight of strepto- 
cocci (Richards strain) used was 2-8 mg. This was 
part of a culture yielding 56 mg. of organisms and 
originally containing 40umol. of glutamine, which 
was a fivefold excess over the minimum quantity 
needed for maximal growth of the organisms. The 
2-8 mg. of dry bacterial matter were thus associated 
with 0-4-2umol. of glutamine during growth. 
During the period of metabolism quoted, no change 
in optical density of the suspensions was observed, 
which implied any change to be < 1-5 %; the growth 


Table 2. Association of streptococcal metabolism of glutamine with a particular constituent of growth media 


(All reaction vessels initially contained bicarbonate (150umol.), glutamine (25-40umol.) and the additional substances 
given below in equilibrium with a gas mixture of 5% CO, in N,, except in the aerobic experiment, when air replaced 
the N,. ‘Bic.-saline’ contained the inorganic salts of Krebs & Eggleston (1940) but with only 3umol. of phosphate per 
vessel. Reactions were initiated by adding the bacterial suspensions to the other reactants.) 


Reaction mixture 


. Reaction Change (umol.) in 





. an! 
Organisms (see Table 1); period ————__—"—__ 
dry wt. (mg.) Substances (umol.) in 3-5 ml. (min.) Glutamine co, 
R; 3-8 Bic.-saline + glucose (200) 90 - 43 +52-2 
~ pes +easein hydrolysate (Mcllwain & Hughes, 90 < 0-2 + O04 
1944), 20 mg. 
on +yeast preparation (of McIlwain, 1944), 20 mg. 90 < 0-2 + 39 
9 ‘i +single strength bacteriological infusion broth, 90 + 0-6 + 1-7 
1 ml. 
R; 13-6 Phosphate; MgSO, (0-5); yeast adenylic acid (0-7); NaHCO, 30 - 03 + 1-0 
- Phosphate; MgSO, (0-5); yeast adenylic acid (0-7); NaHCO, 30 - 62 + 72-2 
+ glucose (10) 
R; 2-5 Bic.-saline + glucose (200) 90 —12-0 + 55-2 
- ‘ eS aerobically 90 —12-7 (+61-7) 
R; 6-9; collected and used Bic.-saline 45 — 08 + 1-4 
at 22 hr. ae + glucose (200) 45 - 67 +58-8 
R; 7-4; collected at 22 hr. o 45 - Il + 33 
and used at 46 hr. 2: +glucose (200) 45 -11-6 +73-3 
R; 6-5; collected and used ‘J 45 — 05 + 0-7 
at 46 hr. a + glucose (200) 45 - 10 + 16 
G; 3-4 ft 70 - 3 + 0-9 
” ” + glucose (200) 70 — 9-2 +51-0 
3081; 5-2 a 60 - 03 + 0-7 
s ‘3 + glucose (200) 60 - 45 +511 
UC2; 3-2 “ 54 + O03 < 0-2 
” ns + glucose (200) 54 - 53 + 63-0 


streptococcal suspensions were added to solutions 
which contained glutamine and various constituents 
of the growth media, but which lacked some factors 
essential for streptococcal growth. It was found 
that a reaction leading to loss of the labile amide 
group of glutamine occurred independently of the 
many constituents of a casein hydrolysate or of a 
yeast preparation, but required the presence of 


of 1-5 % of 2-8 mg. of the organisms would be asso- 
ciated with a change of 6 to 30mypmol. of glutamine, 
or 0-07-0-37 % of the change observed. Thus the 
change cannot be ascribed to growth, and the pro- 
cess of glutamine usage is clearly dissociated from 
growth. It was also found independent of viability, 
as actively glycolyzing but mainly non-viable strep- 
tococeal suspensions prepared as previously de- 
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scribed (McIlwain & Hughes, 1944) reacted with 
glutamine during glycolysis. 

(2) Accompanying processes: metabolism of glu- 
cose. It was necessary for glutamine metabolism 
not only that glucose should be present but also 
that it should itself be metabolized: partial inhibi- 
tion of glycolysis by iodoacetate, fluoride, or cyanide 
was found greatly to inhibit the breakdown of 
glutamine (Table 3). Pantoyltaurine (10pmol., 
3-3 ml.) or a penicillin preparation (20 Oxford 
units/3-3 ml.) affected neither glycolysis nor reaction 
with glutamine. 


Table 3. 
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carried out on the following basis. If the reaction 
were due to glucose or its metabolism producing a 
low £,, and activating an independent enzyme, this 
might also be achieved by other means. Neither 
glutathione nor thiolacetate had this effect (‘Table 3); 
CN-, which activates some peptidases, has been 
observed above to inhibit the glutamine reaction. 
Concentrations of KCl up to m/10, the effects of 
which on animal tissues have been interpreted as 
due to permeability changes, did not induce reaction 
with glutamine; nor did urethane. Breakdown of 
the Richards and group G streptococci was obtained 





Association of streptococcal metabolism of glutamine, with metabolism of glucose 


(Experiments were performed anaerobically. ‘Amino acids’ comprised the group of 14 used by Gladstone (1939), in 
the proportions there stated; other details were as described in Table 2.) 


Reaction mixture 


——, Reaction Change (umol.) in 


Organisins; period —— -——- —- 
dry wt. (mg.) Substances (umol.) in 3-5 ml. (min.) Glutamine CO, 
0 Bic.-saline + glucose (200) 70 < 0-2 0 
R; 5-4 5 me 70 - 91 80-1 
a oe +iodoacetate (2) 70 - 16 10-9 
’ as ,  +fluoride (40) 70 - 39 20-7 
, »  +eyanide (40) 70 — 0-6 +32-¢ 
R % om 35 -11-0 +52-1 
: ss ves + benzene (sat.) 35 - 03 + 43 
»» % , +propamidine (25) 35 - 39 + 30-1 
9 * »» | +propamidine (2-5) 35 - 87 + 48-2 
4; 49 ss + phosphate (200) 105 — 03 0 
es = + amino-acids, 65 mg. 105 - 13 + lel 
; os + pyruvate (100) 105 — 0-6 + 2-0 
% os +lactate (100) 105 < 0-2 + 16 
a a +glucose (100) 50 - 4:7 + 62-0 
R; 5-0 ie + glucose (100) 40 - 68 + 51-0 
” 5 + galactose (100) 140 < 0-2 + 2-4 
R; 2-6 * 0 145 < 03 + 1-2 
“a os glucose (200) 70 - 51 + 54:5 
a “i sucrose or lactose (100) 145 < 0-5 + 1-4,13 
3 * maltose (100) 145 - 08 + 2-9 
se a mannitol (200) 145 < 0:3 + |-l 
F; 5-4 9 0 150 0-2 + 06 
ig < glucose (200) 60 - 39 + 57-5 
3 + lactose (100) 150 + 0-5 + 0-7 
= -. sucrose or maltose (100) 150 — 0-4 + 0-6, 0-8 
Fst x mannitol 150 < 0-2 + 0-5 














a 0 105 — 0-7 1-7 
eo glucose (150) 65 — 86 55-4 
; KCI (300); or thiolacetate (100 105 0 to —0-7 2-2 to 2-8 


Replacement of glucose by some structurally or 
functionally related compounds did not permit the 
reaction with glutamine (Table 3). Reactions com- 
Under 
anaerobic conditions lactate, the main product (see 


parable to glycolysis did not take place. 


below) of the organisms’ reaction with glucose, per- 
mitted 1/50 of the glutamine decomposition asso- 
ciated with glucose; 
1/15. 

In attempting to induce the glutamine reaction 


the ratio with pyruvate was 


without metabolism cf glucose, experiments were 


or 100); or glutathione (10) 





by rubbing with powdered glass by Wiggert, Silver- 
man, Utter & Werkman’s (1940) technique and a 
few variations of it. The resulting preparations were 
almost inactive towards glutamine. 

(3) Accompanying processes: production of NHs3. 
The method used in determining glutamine involved 
estimation of NH, in the same solutions, and it was 
immediately found that the reaction of streptococci 
with glucose and glutamine liberated a volatile base, 
characterized (see later) as NH,. The anaerobic pro- 
duction per mol. of glutamine undergoing reaction 
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Table 4. Yield of ammonia from streptococcal metabolism of glutamine during glycolysis 


(Glutamine was the natural l( +) compound except in the instance specified. Details of suspending fluids are given in 
Table 2; all contained glucose, 200ymol. per 3-5 ml. Experiments were carried out anaerobically except where indicated. 
Casein hydrolysate was that of McIlwain & Hughes (1944); 20 mg. were added per 3-5 ml. in the experiment indicated.) 

Ratio 
mol. NH, 


Reaction mixture Mean 
--" Reaction Q,,,. in 

: C09 
period presence of ——— —~+—————_,, mol. 


Change (umol.) in 





Suspending fluid; 


Organisms; 
dry wt. (mg.) glutamine added (yzmol.) (min.) glutamine Glutamine NH, glutamine 
R; 7-2 Bic.-saline (39-3) 50 320 — 9-2 + $2 0-89 
m (19-7) 50 308 - 89 + 75 0-84 
j ss synthetic di-glutamine (41) 50 306 - 87 + 7:3 0-84 
R; 5-2 a (15-4) 70 212 — 44 + 4:35 0-99 
R; 65 » _ (19°8) 40 503 -11-6 +10-3 0-87 
R; 3-4 9» (19-5) 70 403 — 9-2 + 63 0-68 
G; 3-35 “4 (24-3) 50 446 — 52 + 50 0-96 
G; 35 (8-4) 115 39 — 2-05 + 20 0-97 
(organisms kept 
at 0° 24 hr.) 
G; 4-2 Bic.-Mg-adenylic acid (20-1) 50 382 — 55 + 52 0-94 
UB; 6-0 Bic.-saline; casein hydrolysate (23-0) 60 260 - 75 7-6 1-01 
- Bic.-saline; casein hydrolysate (23-0) 60 -— - 48 + 49 1-02 
aerobically : 
oe Bic.-saline only, aerobically (23-0) 60 _ - 7:3 + 3-8 0-52 
UC2; 6-8 Bic.-saline (19) 50 263 - 3-7 + 36 0-97 
P1; 5-5 9 (23-6) 50 280 - 36 + 3-4 0-95 
P1; 4-25 " (23-5) 65 294 —- 68 + 58 0-85 
3081; 5-2 a (22-9) 60 261 - 47 + 49 1-04 


the organisms’ reaction with glutamine: anaero- 
bically, with washed suspensions in saline solutions 
containing inorganic salts and bicarbonate which, 
with the CO, of the gas phase, formed a buffer of 
pH 7-6. The effects of additional substances, and 
the course of the reaction, are considered later. 


approximated to 1 mol., the commonest yield being 
between 0-85 and 0-97 mol./mol. of glutamine 
(Table 4). Lower ratios were found occasionally, 
especially aerobically (in the phosphate medium 
described in the experimental part), but ratios 
significantly greater than unity were not observed. 


Ratios determined anaerobically were not markedly 
dependent on the strain of organism, its Qgo,, or 
the suspending fluid. 


B. The anaerobic reaction of streptococci 
with glucose 


For examining its products, the reaction was 
studied under the conditions employed in following 


In the simple medium, with excess glucose, the 
majority of the strains caused a gas evolution of 
200-400 pl./mg. dry weight/hr. (Qco,; Tables 4, 7, 9). 
With limited quantities of glucose, gas evolution by 
the two strains examined was found to proceed at 
rates almost identical with those given in the pre- 
sence of excess glucose, but to reach sharply a 
maximum value corresponding to a little less than 
2 mol. of gas per mol. of glucose added (Table 5). 


Table 5. Products of streptococcal glycolysis 


(Reactions were carried out anaerobically in the bicarbonate saline of Table 2.) 


Gas evolved from bicarbonate 


Lactic acid 














Reaction mixture — ——— — FF 7 
co ; Volume (umol.) at times (min.) ratio Ratio 
Organisms Glucose ; -—- AW ~— = -- _mol. gas _ mol./mol. 
dry wt. (mg.) (ymol.) 8 18 28 38 58 mol. glucose pmol. glucose 
G; 6-1 0 0-2 0-7 0-8 0-9 1-1 — 0-5 — 
” 10 7:3 16-4 19-0 19-2 19-3 1-93 19-0 1-90 
15 7-6 16-9 25-8 29-3 29-8 1-98 28-2 1-88 
25 7-4 17° 26-9 35-2 48-0 1-92 47-8 1-91 
Volume (umol.) at times (min.) 
15 35 50 65 
R; 1-9 0 0-5 0-6 0-6 0-7 — — —_ 
* 10 5:3 13-9 19-0 19-1 1-91 — — 
R; 2-6 200 11-1 22-9 31-6 39-6 _- 38-9 — 


Table 6. 





(Vessels contained in their main portion the saline of Table 2 
below), glucose, 200pmol., and other substances indicated. 
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Source of gas evolved by streptococci during glycolysis in the presence of bicarbonate 


(but with the lesser quantities of bicarbonate specified 
Organisms were contained in one side-arm and 0-2 ml. 5y- 


H,SO, in another. Experiments, except where indicated, were anaerobic, and were continued until gas production by 


the organisms themselves was maximal.) 


Total gas (ul.) evolved from 





duplicate vessels 


Period of 


a 
(6) During reaction Difference in 
reaction and before adding gas evolution 
Reaction mixture (a) By addition _ by the later acid to between 
= sa ale ——, of acid before addition 2nd vessel (a) and (6), 
Organisms Solution reaction of acid (min.) as % of (a) 
G No addition 331 325 62 —-1-8 
oe With phosphate, 400 mol. 158 162 80 +2°5 
a With casein hydrolysate 274 280 85 42.2 
os No addition; aerobic 299 298 95 <4 
R No addition 335 329 62 apes 


By determining the total CO, which could be 
liberated by excess acid from the complete system 
of organisms and reagents, before and after a period 
of metabolism (Table 6), the gas production was 
shown to be almost entirely due to displacement of 
CO, from bicarbonate by acids formed from the 
bacteria. The same was found true aerobically. It 
was anticipated (cf. Hewitt, 1932) that the anaerobic 
product from glucose would be lactic acid, and this 
was determined (Table 5). Results showed that 
lactic acid appeared in the ratio of about 1-9 mol./ 
mol. of glucose supplied, i.e. that all but 5% of the 
glucose which reacted and 1 or 2 % of the gas which 
was produced could be accounted for by the glyco- 
lytic reaction: C,H,,0,->2C,H,O,. Of other possible 
products, succinic acid has been determined and 
any production found to be <0-5 mol. % of the 
glucose reacting. Evolution of CO, from bicar- 
bonate- and glucose-containing solutions by the 
present streptococci is subsequently referred to as 
a measure of glycolysis. 


C. Stimulation of glycolysis by glutamine 


(1) Suboptimal glycolysis of streptococcal suspen- 
sions. The rates of glycolysis by B-haemolytic 
streptococci, in the relatively simple media of the 
preceding experiments, were not always constant 
throughout the course of the reaction. On its initia- 
tion by addition of streptococcal suspensions to the 
glucose-containing solutions, the reaction began at 
a rate which, in the course of some 30 min., fell to 
about 70-80% of its initial value; after this it 
remained approximately constant or fell at a slow 
rate. Fig. 1 illustrates this with respect to the 


Xichards strain; Table 7 includes other strains of 
streptococci, of which the majority behaved simi- 
larly. The rate of glycolysis was little affected by 
the addition of many pure substances (see below); 
it was increased some 5—-15% by a casein hydro- 
lysate or a yeast preparation (Table 7), and was 


considerably increased by the presence of broth. 
Suspensions which had not been washed in saline 
also afforded higher values. 


300 





Glutamine ( mol.) 
| in mixture | 


Qco, 





200 


25 


$373 


Time (min.) after addition of organisms 


5 15 


Fig. 1. Effect of glutamine on streptococcal glycolysis. 
Ordinate: Anaerobic gas evolution in successive periods 
of 10 min., expressed as Qoo, (ul./mg. dry wt./hr.) from 
suspensions of the Richards strain after addition to saline- 
bicarbonate-glucose containing the quantities of glut- 
amine indicated (except the dotted line A, which refers 
to a mixture containing no glutamine but NH,(l, 
50umol.). When the experiment was stopped 35 min. 
after addition of the organisms, the following quantities 
(umol.) of glutamine remained: 43-3 (of 50), 10-2 (of 16-7), 
0-1 (of 6-7) and <0-1 (of 2-2). 


The organisms were thus capable of glycolysis at 
rates some 60-100 % higher than those observed in 
simple salt solutions, and substances inducing higher 
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Effects of materials on the rate of 
streptococcal glycolysis 


Table 7. 


(Saline suspensions of organisms were added from side- 
arms, to vessels containing bicarbonate-saline with glucose 
(200.mol.) and the addenda specified below, at times taken 
as zero. Details of constituents of the reaction-mixtures 
are given in Table 2. In cases marked (*) observation was 
prevented by growth of the bacteria under examination. 
No allowance has been made for CO, retention and the 
stimulation recorded as being given by broth and serum 


solutions is therefore minimal.) 7 
Qo a8 % of the 
5-25 min. value 
without addenda 
(which is given 
italicized, in 
parentheses, as 
Reaction mixture ul./mg. dry wt./hr.) 


A 





_ ae VS —_ 
Organisms; 5-25 45-65 
batch Addenda min. min. 
R; I 0 (256) 78 
- Ox serum, 29% 105 106 
re Ox serum, 5-7% 97 104 
a Broth, 29% 159 ” 
a Glutamine, 0-007M 14 135 
R; Il 0; washed (295) 81 
a 0; not washed 196 * 
R; lI 0 (261) 81 
re Casein hydrolysate 110 89 


(10 mg.) and yeast pre- 
paration (10 mg.) 


Z Yeast preparation and 149 141 
glutamine, 0-007M 
oa Glutamine, 0-007 m 145 135 
Pl 0 (223) 71 
* Casein hydrolysate 105 88 
(20 mg.) 
2 Casein hydrolysate and 129 127 
glutamine 0-007 M 
a Broth, 29% 158 127 
me Broth, 29% and 155 125 
glutamine 0-007M 
3081 0 (200) 105 
*” Casein hydrolysate 118 123 
(10 mg.) and yeast pre- 
paration (10 mg.) . 
a Serum, 29% 103 110 
= Broth, 29% 163 * 
“ Glutamine, 0-007 m 124 136 
UC2 0 (460) 85 
9 Serum, 29%, 5:7% 93, 95 — 
Broth, 29% 163 — 
9 Glutamine, 0-007 m 100 112 


rates were present in broth and perhaps removed 
from the cells by washing. 

Glutamine made good a large part of the organ- 
isms’ deficiency in this respect. Glycolysis was 


increased to up to 100% of its original value, the 
increase varying with different strains and prepara- 
tions of the streptococci. With the strains of Table 7, 
the increase in glycolysis due to glutamine was not 
additive to that caused by broth, though greater 
stimulation was found to be caused by casein and 
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yeast preparations with glutamine, than by either 
alone. The present broth permitted growth of 
exacting streptococci in glutamine-deficient media 
(cf. McIlwain et al. 1939). It was concluded that 
the stimulation caused by broth was due in part to 
glutamine, and in part to substances of the sort 
occurring in the casein hydrolysate or yeast pre- 
paration. Fig. 1 shows 0-003m-glutamine to be 
adequate for its maximal effect with the present 
experimental arrangement; the stimulation given 
by 0-00063m-solutions, though initially not much 
less than that given by 0-015, fell much more 
rapidly. 

As the experiments of Fig. 1 were carried out with 
organisms whose glycolysis was falling in the initial 
phase of the reaction, a different experimental ar- 
rangement was chosen to show more clearly whether 
the effect of glutamine was a stimulation of glyco- 
lysis rather than its maintenance by the substance 
at a jevel from which it fell in its absence. In Fig. 2A 
glutamine was added to already glycolyzing organ- 
isms at different times during the reaction. In each 
case a large and prompt increase in glycolysis fol- 
lowed. The substance is thus capable of increasing, 
and not only of maintaining, glycolysis. Its effect 
is manifested within 2 min. of its addition and is 
thus not likely to be due to growth of the bacteria; 
absence of growth was confirmed by optical density 
measurements. 

(2) Possible impurities in glutamine specimens. 
The majority of the present experiments had been 
carried out with specimens of natural /-glutamine, 
which was shown by isolation (McIIlwain eé al. 1939) 
to be the form encountered by the organisms in 
animal tissues. As the glycolysis experiments were 
carried out in simple media, it was of first importance 
to find whether the stimulation caused by the speci- 
mens was due to glutamine rather than to bio- 
logically active impurities which can always be 
assumed to be associated with such preparations. 
Carefully purified natural glutamine was found to 
give the same response as ordinary specimens, and, 
further, glutamine synthesized from synthetic glut- 
amic acid gave a similar response. The quantitative 
considerations of the following paragraphs give 
further reasons for associating the effect on glyco- 
lysis with glutamine itself. 

(3) Responses to varying concentrations of glut- 
amine. In the experiment of Fig. 2B, the quantities 
of glutamine added increased the total glycolysis in 
the first hour by amounts between 67 and 42% of 
that of the control without glutamine. Nevertheless, 
the maximum increases in Qoo,, which occurred in 
the first 5 or 10 min. after glutamine had been added, 
were approximately equal, independently of the 
quantity of glutamine added (0-9-45ymol.) and 
were all of about 90%. The effect of falling quan- 
tities of glutamine was to produce a more rapid fall 
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in the rate of glycolysis during the hour after their 
addition. 

A reason for this behaviour is to be seen in the 
finding of § A, that glutamine is decomposed during 
glycolysis. At the end of the experiment of Fig. 2B, 
little or no glutamine remained of the smallest 
quantity added and only about one-third of the 
4-5umol. A similar decomposition is shown to have 
occurred during the differently arranged experiment 
of Fig. 1. It will be seen that in both these cases, 
when all added glutamine had been decomposed, 
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CO, evolution in the presence of glutamine was due 
to the same processes as occurred in its absence, its 
main product, lactic acid, was estimated in solutions 
in which glycolysis had occurred with and without 
glutamine. It was found (Table 8) that the increased 
gas formation could largely be accounted for by 
increased lactic acid production. Succinic acid 
formation was found to remain at <0-5mol. %. 
Anaerobic CO, evolution by streptococci with glut- 
amine as their only substrate, remained at the low 
level associated with the ‘endogenous’ metabolism 
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Fig. 2. 


Promptness of response by glycolyzing streptococci to additions of glutamine. Units: as Fig. 1. 















120 


Time (min.) 


Vessels initially 


contained saline-bicarbonate-glucose and organisms in 3 ml., except the controls, of which the volume was 3-5 ml. 
In A, glutamine (45umol. in 0-5 ml.) was added at the times indicated; in B, the varying quantities of glutamine 
shown (in 0-5 ml. water) were added at 60 min. After the latter experiment, the quantities of glutamine (ymol.) 


the level of glycolysis had not fallen to that of the 
control without added glutamine; this is considered 
below. 

(4) Products of glucose metabolism in the presence 
of glutamine. To see whether the increased rate of 


Table 8. 
from bicarbonate-glucose, following addition of glut- 
amine or ammonia, and increase in lactic acid 


Comparison of increase in gas evolution 


formation 


(Vessels contained excess glucose (200umol.) and the 
reagents in the saline-bicarbonate of Table 2. Suspensions 
of the Richards streptococci were added from side-arms, 


and the reaction occupied 110 min.) 


Lactic acid 
formed 

49 umol. (B) 

119% of (B) 

140% of (B) 


Addendum 


(~mol.) Gas evolution 


v0 51-3umol. (A) 
NH,Cl (40) 
NH,Cl (40) and 
glutamine (10) 
Glutamine (10) 


116% of (A) 
139% of (A) 


135%, of (A) 136%, of (B) 


remaining were: 36-2 (of 45), 1-6 (of 4-5) and <0-1 (of 0-9). 








of the organism (Tables 2 and 3). The final total of 
gas evolved from limited quantities of glucose in 
experiments of the type of Table 6 but with added 
glutamine, differed from controls without glutamine 
by <2%. 





D. Actions on glycolysis of some compounds fune- 
tionally or structurally related to glutamine 


The effects of the following compounds are, for 
present purposes, selected from a fuller investigation 
of the structural and species specificity of glutamine- 
action. 

(1) Ammonia. It had been noticed in several 
instances, of which Figs. 1 and 2 give examples, 
that although optimal stimulation of glycolysis in 
the presence of small quantities of glutamine was 
transitory only, the rate of glycolysis did not, when 
practically all added glutamine had been decom- 
posed, fall to the level of controls without added 
glutamine. As ammonia was known to be formed 
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from glutamine during such experiments (§ A) and 
known to stimulate reactions in yeast which are 
analogous to the present one (Winzler et al. 1944), 
the effect of ammonium salts on streptococcal 
glycolysis was examined. An increase was found 
which was sufficient to account for the level of 
glycolysis after decomposition of glutamine. 


Table 9. Stimulation of streptococcal glycolysis by 
ammonia; compared with, and in addition to, the 
effect of glutamine 


(Experimental arrangement as described in Table 7.) 


Qco, 28 % of the 
values for the same 
period without 
addenda (italicized, 
in parentheses; as 


Reaction mixture pl./mg. dry wt./hr.) 





a ee eer e > - 
Organism ; Addenda 5-35 35-65 
batch (umol.) min, min. 
R;IandII 0 (209, 327) — 
5 NH,Cl, 0-05 100, 100 -— 
A NH,Cl, 05 104, 108 — 
. NH,Cl, 5 116, 119 = 
a NH,Cl, 50 122, 119 — 
- Glutamine, 25 143, 137 — 
R; Ill 0 (292) (280) 
a NH,Cl, 2 109 105 
NH,Cl, 40 115 106 
- Glutamine, 10 135 134 
ee Glutamine, 10 and 136 136 
NH,Cl, 2 
4 Glutamine, 10 and 138 133 
NH,Cl, 40 
R; IV 0 (449) (427) 
io NH,Cl, 25 116 117 
KCl, 25 98 102 
% KCI, 300 111 108 
Strain F 0 (190) oo 
a NH,(Cl, 25 101 — 
- Glutamine, 25 112 -- 
Ss Glutamine, 25 and 113 ~- 
NH,Cl, 25 
UC2 0 (305) (295) 
"a NH, glutamate, 10 120 121 
ws Glutamine, 10 162 163 
UB 0 (201) (181) 
~ NH, glutamate, 25 117 119 
‘ Glutamine, 25 133 135 


The increase in glycolysis caused by ammonium 
salts (Table 9) was not sufficiently great to suggest 
that the major effect of glutamine could be due 
merely to the ammonia derived from it. The increase 
by ammonium salts was less in magnitude even 
when concentrations of the salts were used which 
were much greater than could be produced in the 
medium as a whole, from the glutamine concentra- 
tions having maximal effect. Thus, during the ex- 
periment of Table 9 with batch I of the Richards 
streptococci, the glutamine decomposed after a 
period of 50 min. glycolysis was 3-8ymol. and the 
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ammonia of this reaction mixture, 3-O0umol.; yet 
the stimulation of glycolysis caused by 50ymol. of 
added ammonium chloride, was just half of that 
caused by the glutamine. Other results quoted in 
Table 9 indicate that such considerations are not 
vitiated by zone effects in the actions of different 
concentrations of ammonium salts; the possibility 
of ammonia exerting a greater or different effect 
when produced locally by the organism itself is 
considered below. 

Nevertheless, the effect of ammonium salts on 
glycolysis did not appear to be distinct in nature 
from that of glutamine; the actions of the two 
compounds were additive if at all, to a small extent 
only (Table 9) and like glutamine, ammonium salts 
increased lactic acid formation from glucose in pro- 
portion to the increase caused in CO, displacement 
from bicarbonate (Table 8). 

Certain effects of K salts on glycolysis in animal 
tissues have been found similar to those of NH, 
(Weil-Malherbe, 1936). Streptococcal glycolysis was 
found to be stimulated by high concentrations of 
KCl; a 0-1M-solution had less effect than 0-005 or 
0-001M-NH, (Table 9). 

(2) Biotin. As Winzler et al. (1944) found an 
action of biotin on yeast respiration and fermenta- 
tion to be intimately connected with the action of 
ammonium salts on the same process, the effect of 
biotin on streptococcal glycolysis in the presence 
and absence of ammonia, was examined. In neither 
ease did biotin have an observable effect. In com- 
paring this result with the action on yeast, it is to 
be noted that although the reagents of the present 
experiments were biotin-free, no attempt was made 
to obtain streptococcal cells deficient in biotin. 

(3) Arginine and urea. Of the compounds related 
to glutamine which have been studied, many are 
potential sources of ammonia to various bacteria; 
but during glycolysis the present streptococci pro- 
duced ammonia at a considerable rate only from 
arginine (Table 10). This reaction differed notably 
from that with glutamine in being independent of 
glycolysis; it was presumably due to the action of 
arginine dihydrolase which Hills (1940) found to 
be exhibited by suspensions of streptococci, in- 
cluding the Richards strain. 

Comparison of the effects of arginine and glut- 
amine on glycolysis as measured by CO, evolution, 
required knowledge of the effects of the compounds 
and of changes occurring in them, on the CO,- 
NaHCO, equilibrium during manometry. The buffer- 
ing action of the concentrations of arginine, glut- 
amine and «-ketoglutarate of Table 10 resulted in 
a small binding of CO,,. This was assessed by the 
method of Dickens & Simer (1932) over the range 
of acid formation of the experiments of Table 10, 
and would affect the values there quoted by <5%. 
In addition, however, 1 mol. of CO, is fixed by each 


Table 10. Stimulation of streptococcal glycolysis by arginine and urea; 
absence of comparable effect by «-ketoglutarate 
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(Experimental arrangement as described in Table 7, using the Richards streptococci (different batches in A, B and C).) 


Compound added (ymol.) 
A 0 
NH,CI (10) 


Arginine (10) 


corrected as described in text 


Urea (10) 
9 (2) 
B 0 
a-Ketoglutarate (10) 
99 (2-5) 
NH,(Cl (25) 
99 and a-ketoglutarate (10) 
- i. 2-5 
Glutamine (10) ; 


C 0 
NH,(Cl (10) 
9 2-5 
Arginine (10) 
” (2-5) 
Glutamine (10) 
mol. of arginine decomposing according to the 
reaction (Hills, 1940): 


H,CO, + R.NH.C(NH)NH,.H,CO, + 3H,O 
+ R.NH,.H,CO,+2NH,.HCO,. 


As the increase in bicarbonate ion fcllowing this 
reaction is small in comparison with the quantity 
added as NaHCO,, an approximate correction for 
the CO, fixed could be made by adding to the ob- 
served gas evolution during arginine decomposition, 
| mol. of CO, for each 2 mol. of NH, formed. In 
this way the corrected values of Table 10 were 
obtained. They indicated that the effect of arginine 
on glycolysis was similar to that of ammonium salts. 
The validity of this conclusion was confirmed by 
determining iodometrically the lactic acid formed 
in similar experiments, with the results given in C, 
Table 10. 

The rate of ammonia production from arginine 
by the streptococci, expressed as a mean Qxy, in 
Table 10, was equal to or greater than their rate of 
production of ammonia from glutamine during 
glycolysis. If the effect of glutamine on glycolysis 


were due only to ammonia, produced in proximity 
to the organisms, its effect would not be expected 
to be greater than that of arginine. 





Qco, a8 % of the value 
without addendum, during 
the first hour (italicized, 
in parentheses; as 

pl./mg. dry wt./hr.) Mean Qu, 
X (umol./mg. 
dry wt./br.) 


0-60 min. 








60-120 min. 


(219) 83 <0-03 
125 124 = 
110 114 2-91 
125 128 — 
108 118 <0-03 
105 108 <0-03 
(247) 80 nt 
95 98 —_— 
102 98 _ 
122 103 — 
125 100 — 
122 97 — 
151 143 —_ 
Lactic acid produced during 
90 min., as % of the value 
without addition (italicized, 
in parentheses; as pmol.) 
(43-5) <0-03 
125 — 
120 _ 
128 3-2 
121 1-8 
171 1-65 


Urea also stimulated glycolysis by the Richards 
streptococci (Table 10), but ammonia was not pro- 
duced from it in notable quantities; production at 
a rate 1/100 that of the liberation from arginine 
could have been detected. The stimulation was less 
than that by ammonia. 

The possible production of glutamine from urea 
and arginine was also examined, but < 0-3 umol. was 
found to be produced by streptococci from 25 umol. 
of either substance, with or without glucose, during 
a time in which 8-3 »zmol. of NH; were liberated from 
the arginine. A possible interpretation of the or- 
ganisms’ response to urea is that small quantities of 
ammonia were produced from it and underwent 
further reactions with the organisms; small quan- 
tities of added ammonia have been observed to 
disappear from certain reaction-mixtures during 
glycolysis. ' 

(4) Glutamate and «-ketoglutarate. Sodium gluta- 
mate (5 or 50umol./3-5 ml. of glucose-bicarbonate 
saline) was found to be without effect on the 
anaerobic glycolysis of the Richards and Group G 
streptococci. The stimulation given by ammonium 
glutamate was not greater than that given by 
ammonium chloride; Table 9 includes results with 
other organisms which showed that ammonium 
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glutamate did not have the effect of glutamine. 
Ammonium glutamate was also present in the 
casein hydrolysate, whose stimulation of glycolysis 
(Table 7) was much less than that of glutamine. 

a-Ketoglutarate alone had a small effect only on 
glycolysis. A range of concentrations, in the pre- 
sence of ammonium salts, had little effect other 
than that of the salts themselves; in addition to the 
results given in Table 10, this has been found to be 
the case with other preparations of Richards strepto- 
cocci Of Qgo, 377 and 264y1./mg. dry weight/hr. 
and mean Qyx, (glutamine) of 2-04 and 1-16 umol./ 
mg. dry weight/hr. respectively, whose glycolysis 
was stimulated by glutamine to 147 and 139% of 
the control values, during the first 30 min. 


DISCUSSION 


The present findings appear to offer the first instance 
in which relatively small quantities of glutamine 
specifically (as distinct from «a-ketoglutarate or 
glutamate) have been observed to stimulate a major 
metabolic process which proceeded, though more 
slowly, in the absence of added glutamine. A con- 
clusion of the type commonly drawn from such 
evidence would be that glutamine normally fune- 
tioned in the process of glycolysis which it stimu- 
lated. This is feasible in the present instance, as the 
increased glycolysis was not beyond that obtainable 
in mixtures of naturally occurring substances which 
the organisms ordinarily encounter; the strepto- 
coccal cells normally contained material with some 
of the chemical properties of glutamine, and its 
behaviour as a growth essential showed glutamine 
to subserve, specifically, some’ function of impor- 
tance to the cells. The effect on glycolysis was thus 
less likely to be an artefact than that given, for 
example, by arsenites or nitrophenols. 

There is in addition the less common and inde- 
pendent type of observation, that glutamine reacted, 
with loss of NH;, during its service as growth-factor 
and also during the course of glycolysis in non- 
proliferating streptococcal suspensions. Strepto- 
cocci have not been found to cause changes in 
glutamine under other circumstances (cf. also Hills, 
1940). Processes have been examined which might 
liberate, activate or facilitate access to an inde- 
pendent enzyme. These included physical breakage 
of the bacterial cells; the addition of benzene, 
K salts, thiol compounds and miscellaneous natural 
materials. Of such treatments, those which pre- 
vented glycolysis prevented also the glutamine 
reaction. Inhibitors showed similar effects, but it 
was noticeable (Table 3) that the proportional inhi- 
bitions caused in glycolysis and glutamine break- 
down were usually not the same. This suggests that 
one may expect to separate the glutamine reaction 
from the over-all process of glycolysis, possibly 
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through study of the separate reactions which con- 
stitute it; but that metabolism of glutamine is 
firmly associated with that of glucose in the ordinary 
behaviour of streptococci. 

Thus two lines of evidence associate giutamine 
with glycolysis in streptococci. Previous studies of 
the compound’s metabolic significance have con- 
cerned organisms more complex than bacteria. In 
certain plants, where it constitutes a much greater 
proportion of the dry weight than it does of strepto- 
cocci, glutamine has been considered to be a non- 
toxic reserve of NH, or «-ketoglutarate. The known 
importance of the latter compound in carbohydrate 
metabolism has been offered in explanation of 
interrelations observed in plants between glutamine 
and carbohydrates (Chibnall, 1939). Glutamine was 
not in this case allocated a catalytic role, except 
in so far as the «-ketoglutarate formed from it might 
function in cycles of the isocitrate type. The con- 
clusion thus differs from that derived above with 
respect to streptococci. 

Uncombined glutamine is widely distributed in 
animal tissues (McIlwain et al. 1939; Hamilton, 
1942; Harris, Roth & Harris, 1943; Archibald, 1944) 
and hydrolysis to glutamic acid and ammonia has 
been found to occur in several.tissues. The reaction 
in liver and kidney (Krebs, 1935; Archibald, 1944) 
differed from that in streptococci in being inde- 
pendent of added carbohydrate and in not being 
inhibited, but sometimes stimulated, by CN-. Other 
aspects of the behaviour of glutamine in animal 
tissues showed some points of resemblance—pos- 
sibly superficial—to the streptococcal reaction. Thus 
the concentration of a glutamine-like substance in 
human blood fell after administration of glucose 
(Harris e¢ al. 1943). Respiration of certain tissues 
which synthesized glutamine from added glutamic 
acid was accelerated during the synthesis (Krebs, 
1935; Weil-Malherbe, 1936); but in this case glut- 
amic acid itself was oxidized. Glutamine synthesis 
was found in these investigations to take place 
under certain limited conditions: only aerobically 
in kidney, whose reaction with carbohydrate was 
aerobic only; in brain and retina, anaerobically also, 
as could glycolysis; CN~ inhibited the synthesis and 
respiration in kidney but neither glycolysis nor the 
synthesis in retina. These limitations were inter- 
preted (Krebs, 1935) as due to requirement of energy 
for glutamine synthesis; but they are very similar 
to the circumstances under which NH, is produced 
from glutamine in the present experiments. 

Further experiments are required to specify the 
association between glutamine and streptococcal 
glycolysis, but the following observations are sug- 
gestive. Weil-Malherbe (1936) confirmed Krebs’s 
(1935) finding that the NH, reacting in animal 
tissues with glutamic acid not only formed glutamine 
but was transferred further, and considered such 
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reactions to be of functional importance. In strepto- 
cocci the greater part of the labile amide of glutamine 
appeared as NH,. The general view regarding such 
linked metabolism of vitamin-like compounds, de- 
rived from previous studies of the behaviour of 
pantothenate, has been that they represent an 
unbalanced performance of a normal process, dis- 
turbed possibly through presentation of a relatively 
large quantity of the substance concerned. The 
transference of NH, rather than its liberation may 
thus be the significant reaction of glutamine which 
is linked with streptococcal glycolysis. The stages 
of conversion of glucose to lactic acid in certain 
bacteria and in animal tissues are closely similar 
and the possible participation of NH, transference 
in reactions associated with glycolysis in animal 
tissues has been suspected but not found to be 
associated with glutamine (cf. Kleinzeller, 1942). 
Reasons can, however, be seen for streptococci 
affording a specially suitable material for showing 
such association: intact organisms can be used; 
their requirement for glutamine as growth factor 
indicates a relevant deficiency, and their high rate 
of glycolysis is associated with little endogenous 
change in carbohydrate or NH,. 


SUMMARY 


1. Glutamine (determined as labile amide-am- 
monia) disappeared during growth of several strains 
of haemolytic streptococci in a complex medium. 
The process could be reproduced in mixtures of 
washed non-proliferating streptococci with media 
constituents, when it occurred at rates of —0-5 to 
— 2pmol. glutamine/mg. dry weight of organisms/hr. 

2. Reaction did not occur between glutamine 
and streptococci in salt solutions; the medium con- 
stituent necessary to the reaction was identified as 
glucose. It was necessary for glutamine metabolism 
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under a wide variety of experimental arrangements, 
not only that glucose should be present but also 
that it should itself be metabolized. 

3. The over-all reaction of streptococci with 
glucose, in the presence or absence of glutamine, 
was a glycolysis with conversion of 95% of the 
glucose to lactic acid. The rate of this process in 
washed suspensions was increased by various media 
constituents, and taken to up to 190 % of its original 
rate, by the addition of glutamine. Such stimulation 
by glutamine began within 2 min. of its addition 
and fell, as glutamine was decomposed, to a level 
which, when glutamine could no longer be detected, 
nevertheless remained above that of a control 
without added glutamine. ’ 

4. The organisms’ reaction with glutamine pro- 
duced a maximum of 1 mol. of a volatile base per 
mol. of glutamine reacting. Their glycolysis was 
stimulated also by NH,, but to a lesser degree than 
by glutamine. Of related compounds, none gave 
a stimulation equal to or greater than NH,, but the 
effect of arginine approached that of NH;; NH, was 
produced from arginine by the organisms, inde- 
pendently of glycolysis. Stimulation of glycolysis 
by NH, appeared adequate to account for the effects 
of arginine and of urea (which also accelerated 
glycolysis) and also for the after-effect of glutamine. 

5. It is considered that glutamine itself, as dis- 
tinct from «-ketoglutarate or glutamate, plays a 
role in streptococcal glycolysis; with evidence from 
the behaviour of glutamine and NH, in other types 
of organism, it is suggested that this participation 
may take the form of an NH, transference. 


I am greatly indebted to Mr D. E. Hughes for assistance 
during these investigations; to Prof. H. A. Krebs and 
Dr F. Dickens for advice; and to members of the Depart- 
ment of Bacteriology of this University for cultures of 
streptococci, and for their passage. 
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The Microbiological Degradation of Steroids 


3. OXIDATION OF HYDROXY-STEROIDS TO KETO-DERIVATIVES 
BY PROACTINOMYCES SPP. 


By G. E. TURFITT, The Home Office Forensic Science Laboratory, Nottingham 


(Received 6 October 1945) 


Recent work on bacterial oxidation of substances 
in the steroid group has demonstrated the possibility 
of converting certain hydroxy-steroids into the 
corresponding keto-derivatives by microbiological 
means. Thus, by the use of a ‘bacterial mixture’ 
cultured on Milan yeast, Mamoli (1938) obtained 
androstenedione from trans-dehydroandrosterone, 
and progesterone from pregnenolone; with chole- 
sterol as substrate, however, no oxidation occurred. 
In later work, Mamoli (1944) used ‘Corynebacterium 
mediolanum’ to effect oxidation of certain steroid 
alcoholic hydroxyl groups capable of dehydrogena- 
tion. Similar results were reported by Ercoli (1940) 
with ‘Micrococcus dehydrogenans’ cultured on an 
aerated yeast extract buffered at pH 6-8. The inhi- 
bitory influence of the C,, side-chain which both of 
these workers have experienced has not been en- 
countered by the present author (Turfitt, 1944) 
working with species of the genus Proactinomyces. 
In view of the readiness with which these organisms 
oxidized cholesterol to A*-cholestenone, it appeared 
likely that the dehydrogenase mechanism might be 
generally effective with all hydroxy-compounds of 
the cyclopentanopolyhydrophenanthrene series. A 
selection has accordingly been made of various 
common hydroxy-steroids, and these compounds 
have been subjected to the oxidizing action of 
Proactinomyces species. 


EXPERIMENTAL 


The experimental technique is essentially that pre- 
viously described (Turfitt, 1944) for cholesterol 
oxidation. P. erythropolis Gray & Thornton, has 
been used throughout as the test organism for the 
quantitative work, but other Proactinomyces have 
been shown to function in an identical manner. 


In each individual experiment a 250 ml. conical culture 
flask containing 100 ml. of mineral salt solution (NH,NO, 
01%; K,HPO, 0-025%; MgSO,.7H,O 0-025%; NaCl 
0-0005%; FeSO,.7H,O 0-00001%) and 0-5 g. CaCO, was 
autoclaved for 15 min. at 115°. An accurately weighed 


quantity of the finely powdered, sterile, hydroxy-steroid 
was added under aseptic conditions, and the medium 
inoculated with a 24 hr. agar slope culture of P. erythropolis. 
The culture was incubated in darkness for a period of 
7-28 days at 25°. 


Characterization of products of bacterial activity 

From cholesterol (250 mg.). After 28 days, con- 
tinuous chloroform extraction of the culture yielded 
225 mg. of pale yellow solid. This was separated by 
the Girard technique into a ketonic (85 mg.), and 
a non-ketonic fraction (132 mg.) consisting of un- 
changed cholesterol. The ketonic fraction ecrystal- 
lized from methanol-acetone (3:2) in fine needles 
m.p. 80°. This product, and the dark red 2:4-dinitro- 
phenylhydrazone m.p. 233° prepared from it, gave 
no depression of m.p. when mixed respectively with 
A*-cholestenone and its 2:4-dinitrophenylhydrazone. 
Yield of cholestenone: 34%. 

From stigmasterol (250 mg.). Chloroform extrac- 
tion of the culture after 28 days gave 236 mg. of 
white residue. By means of the Girard ‘T’ reagent 
there was obtained from this 172 mg. of unchanged 
stigmasterol. The ketonice fraction (48 mg.) after 
recrystallization had m.p. 125°, not depressed in 
admixture with authentic stigmastadienone. The 
2:4-dinitrophenylhydrazones prepared from the two 
compounds had an undepressed mixed m.p. 244° 
(decomp.). Yield of stigmastadienone: 19%. 

From f-sitosterol (250 mg.). A 28-day culture 
yielded 230 mg. chloroform-soluble material, from 
which were isolated 133 mg. unchanged f-sitosterol. 
From the ketonic fraction (91 mg.) there was ob- 
tained a crystalline solid of m.p. 83°; 2:4-dinitro- 
phenylhydrazone m.p. 247°, which were charac- 
terized by reference to f-sitostenone and its deri- 
vative. Yield of B-sitostenone: 36%. 

From coprosterol (250 mg.). After incubation of 
the culture for 28 days, continuous chloroform 
extraction gave 228 mg. of yellowish residue. The 
unchanged coprosterol isolated by the Girard pro- 
cess amounted to 167 mg., whilst 52 mg. ketonic 
material were obtained. After purification this 
melted at 61°, and was identified as coprostanone 
by reference to an authentie specimen, and also by 
preparation of its semicarbazone which melted, 
after recrystallization from benzene, at 192°. Yield 
of coprostanone: 21%. 

From 3-hydroxy-A®-cholenic acid (250 mg.). After 
7 days the solid organic content of the culture was 
in the form of large ‘quartz-grain’ crystals. Incu- 
bation was continued for a total period of 28 days, 
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during which time there was some appreciable evo- 
lution of gas from the culture. The medium was then 
acidified with diluted HCl, and extracted continu- 
ously with ether. Evaporation of the extract, after 
drying with anhyd. Na,SO,, gave 235 mg. of a pale 
brown solid. The ketonic material (92 mg.), re- 
crystallized from aqueous acetone, had m.p. and 
mixed m.p. with 3-keto-A*-cholenic acid 185°. Yield 
of 3-keto-A!-cholenic acid: 37%. 

From trans-dehydroandrosterone (250 mg.). Incu- 
bation for 4 days resulted in the appearance in the 
medium of sheaves of needles. In a 7-day culture 
the whole of the solid organic material in the medium 
was apparently present in the form of needles 
5-10 mm. in length. Extraction of the culture with 
chloroform at this stage yielded 246 mg. of residue 
in the form of rosettes of slightly yellow needles. 
This residue was dissolved in 10 ml. ethanol, and 
to the solution were added 100 mg. digitonin in 
5 ml. ethanol. The mixture was evaporated to 
dryness on purified cotton-wool, and extracted 
continuously with ether. On evaporation of the 
ether 239 mg. of yellowish needles were obtained; 
recrystallized from petroleum b.p. 40-50°, the 
colourless product melted at 169°, and gave no 
depression with authentic At-androstene-3:17-dione. 
Characterization was completed by preparation of 
the enol benzoate m.p. 176° (decomp.). Yield of 
A‘t-androstene-3:17-dione: 96 %. 

From testosterone (250 mg.). In a 7-day culture 
sheaves of needles up to 5mm. in length were 
present, although they did not appear in the quan- 
tity observed with trans-dehydroandrosterone. Ex- 
traction of the culture with chloroform afforded 
238 mg. of gummy product. This was chromato- 
graphed on Al,O, from benzene-petroleum b.p. 
40-50° (1:1), developed with the same mixed sol- 
vents, and eluted with benzene. In this manner 
there were obtained 121 mg. of rosettes of white 
needles m.p. 154° (unchanged testosterone), and 
117 mg. of needles which, after recrystallization 
from acetone-petroleum b.p. 40-50° and further 
purification by high vacuum sublimation, had m.p. 
171°. Characterization of this product as A*-andro- 
stene-3:17-dione was achieved from the mixed m.p. 
and by preparation of the enol benzoate m.p. 177° 
(decomp.). Yield of A*t-androstene-3:17-dione : 47 %. 

From 4°-androstene-3-trans:17-trans-diol (250mg.). 
Sheaves of needles were present in the medium after 
4 days. Incubation was continued for a further 
3 days, and the chloroform-soluble material then 
separated (229 mg.). With the Girard ‘T’ reagent 
this yielded 92 mg. of unchanged androstenediol, 
and 130 mg. of a ketonic material. This latter frac- 
tion was chromatographed on Al,O, from benzene- 
petroleum b.p. 40—50° (1:1), and eluted with ben- 
zene. Two products were thus obtained: first, 
105 mg. of rosettes of fine white needles, recrystal- 
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lized from acetone-petroleum b.p. 40—50°, m.p. 153° 
(identical with testosterone), and secondly, 15 mg. 
white needles m.p. 170° (identified by m.p. and 
preparation of the enol benzoate m.p. 174° (decomp.) 
as A!-androstene-3:17-dione). Yields: testosterone 
42%; At-androstene-3:17-dione 6%. 


DISCUSSION 


The experiments recorded above, although not in 
any way exhaustive, are sufficiently representative 
to indicate the utility of the Proactinomyces method 
in effecting oxidation of steroid hydroxyl groups. 
In no instance is the oxidation of compounds con- 
taining the intact C,, side-chain completely inhi- 
bited, as hitherto reported for such bacterial oxida- 
tions; the yields of keto-derivatives do, however, 
appear in general to be somewhat lower than in the 
case of compounds where the side-chain is shortened 
or completely absent. 

No clear estimate of the influence of stereo- 
isomerism upon the oxidation process can be ob- 
tained from this investigation, but the cis- and 
trans- decalin configurations of rings A and B 
apparently show no material differences in their 
effect upon the oxidation of the C, hydroxyl group. 

It is of interest to note that the oxidation is 
limited to —-OH groups, and leaves both nuclear 
and side-chain double bonds unattacked.* The 
specificity of the reaction thus constitutes an inter- 
esting parallel with that of the Oppenauer oxidation. 
Although more lengthy than the chemical methods, 
the essentially simple nature of the process and the 
high degree of purity of the products resulting from 
the absence of wasteful side-reactions, render it in 
many instances preferable to the established chemi- 
cal techniques for production of keto-steroids. 
Under the conditions described the yields are by no 
means optimum, and very appreciable increases 
can be obtained by suitable modification of the 
process ; in one experiment, by introducing A®-andro- 
stene-3:17-diol into the medium in a non-inhibiting 
concentration of ethanol, the yield of testosterone 
was increased from 42 to 68%. 

The susceptibility of the C, —-OH to Proactino- 
myces oxidation is particularly well illustrated in 
the case of A®-androstene-3:17-diol, where oxidation 
at C,, is of a relatively low order. With testosterone, 
where there is no group available for oxidation at C;, 
the C,, hydroxyl undergoes quite extensive oxida- 
tion. This behaviour of the C, —-OH is in striking 
contrast to that of the corresponding group in cholic 
acid when this latter compound is subjected to CrO; 


* Since the steroid compound is being utilized as the 
sole C source a secondary oxidation undoubtedly occurs, 
but under the experimental conditions here employed it is 
inappreciable. 
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oxidation (Gallagher & Long, 1943), or to the 
oxidizing action of A. faecalis (Hoehn, Schmidt & 
Hughes, 1944); in both of these cases the C, —OH 
is the last of three hydroxyl groups to undergo 
oxidation. 

The bacterial cells of the Proactinomyces spp. 
evidently contain no enzymic mechanism capable 
of hydrolyzing ester-linkages, since cholesterol ace- 
tate under the above conditions was recovered 
unchanged, and androstenediol-17-benzoate yielded 
testosterone benzoate. 
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81 


SUMMARY 


Various of the more common hydroxy-steroids have 
been found to be oxidized to keto-derivatives by 
Proactinomyces spp., and the available evidence 
suggests the possible general nature of the method 
in the steroid series. 


The author wishes to express his thanks to Dr O. Rosen- 
heim, F.R.S., Prof. D. H. Hey, Dr E. R. H. Jones, and 
Dr G. A. D. Haslewood for gifts of specimens of several of 
the compounds mentioned in this publication. 
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Studies of the Van den Bergh Reaction 


By C. H. GRAY anp JOANNA WHIDBORNE, Sector 9 Biochemical Laboratory, 
Manor Institution, Epsom, Surrey 


(Received 6 October 1945) 


Van den Bergh & Muller (1916) showed that the red 
pigment azobilirubin* was formed when a solution 
of diazotized sulphanilic acid was added to sera from 
patients with obstructive jaundice. On the other 
hand, with normal sera and sora from patients with 
other forms of jaundice the addition of ethanol was 
essential for the reaction to take place. The reaction 
occurring in the absence of ethanol was termed the 
direct reaction, while that occurring only in the 
presence of ethanol was termed the indirect reaction. 
The cause of the difference in behaviour of the two 
types of sera remains obscure, but possibilities which 
have been considered are (a) the existence of two 
forms of bilirubin in the two types of case (Van den 
Bergh, 1918; Grunenberg, 1923 a, b; Soejima, 1927; 
Newman, 1928; Fowweather, 1932), (b) combination 
of bilirubin with protein or other interfering sub- 
stances in sera giving only the indirect reaction 
(Bollman, Sheard & Mann, 1927; Barron, 1931) and 
(c) the presence of catalytic substances in sera giving 


* Established custom and the need for a short name are 
our reasons for using the term ‘azobilirubin’ for the red 
pigment produced by the reaction between bilirubin and 
an acid solution of diazotized sulphanilic acid. It is an 
unsatisfactory name, however, since Fischer and his col- 
leagues have shown that the reaction consists of a splitting 
process as well as a coupling and that the red pigment is 
probably a mixture of isomeric diazotized hydroxy dipyrryl- 
methenes (Fischer & Orth, 1937). 


the direct reaction (Acil & Goldgruber, 1932). Van 
den Bergh & Muller showed that sera giving the 
indirect reaction either failed completely to react 
with the diazo reagent in the absence of ethanol or 
reacted very slowly indeed (a delayed direct reac- 
tion), but they made no attempt to assign differences 
in clinical significance to these last two types. Feigl 
& Querner (1919), Lepehne (1920) and McNee (1922) 
subdivided the direct reaction into prompt and 
biphasic types. In contrast to the rapid completion 
of formation of azobilirubin in the prompt reaction, 
in the biphasic reaction formation of azobilirubin 
proceeded rapidly during the first minute after 
addition of the reagent but then continued at an 
obviously slower rate during the following 15 min. 
Such biphasic reactions were believed to be due to 
the presence of prompt reacting and delayed reacting 
bilirubins in varying proportions. After much con- 
troversy the general consensus of opinion was well 
expressed by Harrison (1937) who observed that 
‘the direct test (qualitative or quantitative) is of 
doubtful value and in routine work might be 
omitted’. 

Malloy & Evelyn (1937) who determined total 
bilirubin by the formation of azobilirubin in the 
presence of methanol, replaced the latter by water, 
and claimed that the proportion of direct bilirubin 
could be determined by measuring azobilirubin 
30 min. after addition of the diazo reagent. More- 
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over, by plotting colour development against time 
they attempted to distinguish between prompt, 
biphasic, and delayed direct types. Similar investi- 
gations were carried out by Lepehne (1942). Ducei 
& Watson (1945) recognized the existence of prompt 
direct reacting bilirubin (measured 1 min. after 
addition of reagents, in the absence of methanol) 
delayed direct reacting bilirubin (measured 14 min. 
later, believed by them to bear the same significance 
as indirect bilirubin) and true indirect bilirubin 
(15 min., methanol present) and regard the biphasic 
reaction as explained by the relative amounts pre- 
sent of prompt and delayed direct reacting bilirubin. 
However, Cabello-Ruiz (1943) has shown that the 
percentage of directly reacting pigment depends on 
the acidity at which the reaction is carried out and 
therefore regards such determinations as little more 
than semi-quantitative. The method of Rappaport 
& Eichhorn (1943) for the quantitative estimation 
of directly and indirectly reacting bilirubin in the 
presence of a buffer of an acidity of about pH 3-4 
appeared worthy of more careful study especially 
for the investigation of the rate of formation of 
azobilirubin in the direct reaction. 


METHODS 


The diazo reagent was prepared according to the method 
of Harrison (1937) and was always used within 15 min. of 
preparation. All measurements of light absorption. were 
carried out, except where otherwise indicated, with a Hilger 
Spekker photoelectric absorptiometer, with 1 cm. cells, and 
Ilford Spectral yellow green no. 605 filters (max. trans- 
mission 550my.), combined with Chance’s Calorex glass. 
Interference by such factors as turbidity of the serum and 
presence of non-bilirubinoid pigment was avoided by 
measuring absorption densities relative to blanks containing 
serum, but with the diazo reagent replaced by approxi- 
mately 0-15N-HCl. The blanks thus contained unchanged 
bilirubin, and therefore the calibration curves were made 
by measuring the absorption densities of the azobilirubin 
solutions relative to blanks containing corresponding 
amounts of bilirubin. pH was determined with a spiral 
glass electrode and a Unicam potentiometer. The electrode 
designed by Dr C. G. Pope of the Wellcome Physiological 
Laboratories, was similar to that described by MacInnes 
& Belcher (1933). , 

The crystalline bilirubin used for calibration was supplied 
by Hoffman La Roche Ltd., whose material Malloy & 
Evelyn found to yield more colour than that supplied by 
other manufacturers. We have found that bilirubin of equal 
chromogenic potency may be prepared along the lines sug- 
gested by Watson (1942). Crude bilirubin, dissolved in 
chloroform, was adsorbed on a column of alumina, which 
was then washed with chloroform and finally eluted with 
1°, acetic acid in chloroform. On evaporation of the eluate 
in an atmosphere of nitrogen and final drying of the residue 
in vacuo over potash, bilirubin was obtained which gave the 
same calibration curves as the Hoffmann La Roche pre- 
paration. This material so far has been obtained only in 
semi-crystalline condition. 
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Malloy & Evelyn method (1937). This has been employed 
unmodified except that the absorption of the final solution 
was measured in the Spekker instrument (a calibration 
curve for this instrument being made exactly as originally 
described). In a few cases the Malloy & Evelyn procedure 
has been used to determine the relative proportions of direct 
reacting and indirect reacting pigment. 

Rappaport & Eichhorn method (1943). The buffers for the 
estimation of direct and indirect bilirubin were those 
described. The procedure was slightly modified. Serum 
(1 ml.) was measured into a test-tube, followed by 7 ml. of 
buffer and 1 ml. of the diazo reagent, and a blank was 
simultaneously prepared from 1 ml. of serum, 7 ml. of 
buffer and 1 ml. of 0-15N-HCl. The absorption of the first 
solution relative to this blank was then determined. Thus 
the only modification has been that we have doubled the 
amounts of buffer and diazo reagent relative to the amount 
of serum, to provide a larger volume of final solution without 
requiring an unduly large amount of blood. In most of the 
experiments designed to investigate the time-course of the 
direct reaction using sera from patients with obstructive 
jaundice or acute hepatitis, we measured absorption den- 
sities 15, 30 and 45 sec. and 1, 2, 3, 4, 5, 10, 15, 20, 25 and 
30 min. after addition of the diazo reagent, using a photo- 
electric device of the Evelyn (1936) type and a Chance no. 5 
green filter (max. transmission 520-540my.). In sera from 
patients with haemolytic jaundice the time-course of the 
reaction has been followed for 6 hr. or more, and the light 
absorption therefore measured less frequently in the 
Spekker, which was capable of greater accuracy but less 
convenient for repeated measurements at shorter intervals 
of time than the one photocell instrument. When total 
bilirubin was determined in the presence of indirect buffer, 
light absorption was measured at 30 min. in sera of patients 
with obstructive jaundice and acute hepatitis, but not until 
6 hr. with sera of patients with haemolytic jaundice since 
maximum azobilirubin production is only attained at these 
times. 

McNee & Keefer method (1925). The absorption of the 
final solution was measured relative to a blank, prepared in 
exactly the same way except that 0-15N-HCl was used 
instead of the diazo reagent. A special calibration curve 
was made with azobilirubin solutions prepared from pure 
bilirubin and adjusted to pH 4-8, the reaction of the final 
solution in the determination. 

Haslewood & King method (1937). The absorption of the 
final solution was compared with the methyl red standard 
in the Spekker instrument, with water in the blank cell. 

The relationship between absorption density and concen- 
tration over a very wide range was investigated in the 
following way: 10 mg. of bilirubin were dissolved in 50 ml. 
of chloroform. 20 ml. of this solution were treated with 
100 ml. of ethanol and 10 ml. of diazo reagent. After 
0-5 hr., 12 ml. of saturated ammonium sulphate were added 
with shaking. A lower layer and some ammonium sulphate 
separated out. The clear supernatant was evaporated 
in vacuo to a volume of about 10 ml. to remove as much 
ethanol and chloroform as possible. An equal volume of 
the Rappaport and Eichhorn indirect buffer was added and 
a series of solutions of known dilution prepared by the 
addition of further measured quantities of buffer. The 
absorption densities of each of these solutions were then 
measured with buffer in the control cell. In one experiment 
the weakest solution prepared showed an absorption density 
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of 0-378 and reference to the calibration curve for the 
Rappaport & Eichhorn method shows that this would 
correspond to a concentration of 0-58 mg. bilirubin/100 ml. 
of final solution. From this the strength of the more con- 
centrated solutions could be calculated. The behaviour of 
azobilirubin solution prepared from sera was investigated 
by measuring the absorption densities of a series of known 
dilutions of an azobilirubin solution prepared from a serum 
of very high bilirubin content. 


RESULTS 
The quantitative aspects of bilirubin determination 


The use of the Rappaport & Eichhorn procedure for 
our studies on the nature of the direct reaction 
necessitated its investigation from the quantitative 
point of view. Owing to the difficulty of preparing 
stable solutions of bilirubin in aqueous media at a 
physiological pH, few of the hitherto published 
methods have been investigated in so far as re- 
coveries of bilirubin added to serum are concerned. 
Malloy & Evelyn, without giving details, report 
data indicating recoveries varying from 96 to 103 %, 
and we have confirmed that bilirubin in chloroform- 
methanol solution may be determined quantita- 
tively when added to the Malloy & Evelyn reaction 
mixture. We have therefore regarded the method 
of Malloy & Evelyn as the method of reference. 


605 + calorex 
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0 2 4 6 8 10 I2 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
mg. of bilirubin/100 ml. of original serum 


Fig. 1. Calibration curves for serum bilirubin determina- 
tion by Rappaport & Eichhorn, and Malloy & Evelyn 
methods. 


Fig. 1 shows the calibration curve which we have 
obtained for the Malloy & Evelyn technique with 
the Spekker absorptiometer. Above 35 mg. of bili- 
rubin/100 ml. of serum, the curve flattens slightly, 
but below this level absorption density is directly 
proportional to bilirubin concentration. Since the 
final dilution of serum was | in 25 and because we 
used cells of 1 em. thickness, absorption densities of 
less than 0-05 were obtained for values of serum 
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bilirubin below 2-5 mg./100 ml. In our opinion it is 
not possible to measure accurately such low absorp- 
tion densities with the Spekker instrument. Malloy 
& Evelyn, using test-tubes of { in. diameter corre- 
sponding to a mean thickness of about 2 cm., could 
probably obtain accurate results with somewhat 
lower levels of bilirubin. With the Spekker instru- 
ment it has not been practicable to use a cell of 
greater thickness without increasing the final volume 
of solution, an increase which would be inconvenient. 
The Malloy & Evelyn technique when used with the 
Spekker absorptiometer is therefore unsatisfactory 
for values of bilirubin below 2-5 mg./100 ml. Malloy 
& Evelyn found their results to be higher than those 
obtained by other procedures, but apparently used 
their own calibration curve without adjusting the 
standard azobilirubin solutions to the pH of the 
reaction mixture of the particular method used. We 
have found that even if the acidities of the standard 
azobilirubin solutions were properly adjusted, the 
Malloy & Evelyn method still gave higher values 
than did the photoelectric modification of the 
method of McNee & Keefer. 

Fig. 1 also shows the calibration curve we have 
obtained with the Rappaport and Eichhorn method 
using azobilirubin solutions suitably buffered to 
pH 3-2 and prepared from known amounts of bili- 
rubin in chloroform-ethanol. It will be noticed that 
Beer’s law is not followed above 15 mg./100 ml. 
An absorption density of 0-05 now corresponds to a 
bilirubin content of only 0-75 mg./100 ml. of serum.* 
Table la shows that the results with this method 
agree reasonably well with those obtained by the 
Malloy & Evelyn technique. 

We have determined the bilirubin content of 
thirteen sera simultaneously by the methods of 
Malloy & Evelyn, Rappaport & Eichhorn and 
Haslewooud & King, and found that whereas all 
three methods agree reasonably well for low values 
of serum bilirubin, with higher values the method 
of Haslewood & King gives results considerably 
lower than those of the other two methods; the latter 
agree moderately well (see Table 1). 

We determined the percentage of directly reacting 
bilirubin in the sera of eight patients by the Rappa- 
port & Eichhorn method and by that of Malloy & 
Evelyn. The percentage of direct bilirubin was 
always higher when measured by the Rappaport & 
Eichhorn method, and this was presumably due to 
the difference in pH at which the direct reaction 
was carried out in the two methods. 


* If sufficient quantities of serum and reagents in the 
same proportions as in the original Rappaport & Eichhorn 
technique are used, e.g. 2 ml. of serum, 7 ml. of buffer and 
1 ml. of diazo reagent, an absorption density of 0-05 will 
correspond to a value of serum bilirubin of 0-4 mg./100 ml. 
We have not employed these proportions in the work re- 
ported here. 
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Table la. Comparison of results of serum bilirubin 
determinations by Malloy & Evelyn and Rappaport 
& Eichhorn methods 


Rappaport & Eichhorn 
method 


Malloy & Evelyn 
method 
Bilirubin concentration (mg./100 ml.) 


1-0 
1-0 
2-0 
3-0 
3-4 
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14-9 
16-8 
17-5 
19-6 
21-1 
23-8 
24-2 
24-5 
55-5 


Table 1b. Comparison of results of serum 
bilirubin determination by three different methods 


Haslewood & 


Malloy & 
King method 


Evelyn method 


Rappaport & 
Eichhorn method 


Bilirubin concentration (mg./100 ml.) 


my 
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8-2 
15-5 
18-0 
23-5 


24-4 


@ C9 bo to bo tS to ls = © 


bt ft fe 
woe oe 
Cones 


23-4 


The rate of colour development in the direct 
Van den Bergh reaction 


(a) Sera from cases of obstructive jaundice and of 
acute hepatitis. In these sera, the absorption density 
of the azobilirubin formed in the presence of direct 
buffer reached a maximum within 30 min. in both 
the original and modified Rappaport & Eichhorn 
procedures. By plotting absorption density against 
time, it was expected that the shape of the curve 
would reflect the type of direct reaction as shown 
in Fig. 2a. We have examined sera from sixty-seven 
patients with obstructive jaundice and with acute 
hepatitis but found no difference in behaviour of 


(a) 


Prompt 


Absorption density 


Time 


0-9 (b) Prompt 40-0 mg./100 ml. 


Prompt 27-4 mg./100 ml. 


Prompt 18-0 mg./100 ml. 


”? 
Prompt 14-2 mg./100 ml. 


Biphasic 10-2 mg./100 ml. 


Biphasic 7-4 mg./100 ml. 


Absorption density 


Delayed 4-6 mg./100 ml. 


Delayed 1-6 mg./100 ml. 


10 15 
Min. 


Percentage of total bilirubin 


reacting to form azobilirubin 


(Cc) 
10 15 20 25 30 
Min. 


Fig. 2. Time course of the direct Van den Bergh reaction. 
(a) Hypothetical curves of absorption density, plotted 
against time. (6) Observed curves of absorption density, 
plotted against time. (c) Observed curves of percentage 
of total bilirubin reacting to form azobilirubin, plotted 
against time. 
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sera from these two types of case. Fig. 2b, which 
gives the curves obtained with eight of these sera, 
shows that the top two curves are somewhat of the 
type we expected to be associated with a prompt 
reaction, while the next four curves are somewhat 
of the biphasic type. The sera which gave the top 
four curves were described as giving a prompt direct 
Van den Bergh reaction as judged visually. The 
reason for this discrepancy will become obvious 


100 
90 
80 





Percentage of bilirubin converted into azobilirubin 





Fig. 3. Curves representing the time course of the direct 
and indirect Van den Bergh reactions of sera from two 
different cases of haemolytic jaundice. 


later. The similarity in form of the curves is greater 
than expected, and all were biphasic in that an 
initial rapid increase of absorption density slowed 
down gradually over a period of minutes until the 
maximum was reached. As will be shown later, 
Beer’s law is not followed with azobilirubin solutions 
corresponding to more than 1-6 mg./100 ml. of final 
solution, and a more significant comparison of the 
curves can be made if we plot against time the 
percentages of the total bilirubin which have been 
converted to azobilirubin (Fig. 2c). The similarity 
in form of these curves is striking. 
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(b) Sera from cases of haemolytic jaundice. Figs. 
3 a and b show the types of curve we have found with 
sera from cases of haemolytic jaundice; of these, 
type (a) is the more common. In these cases the 
time curves of the indirect reactions are also shown. 
It will be noticed that maximum pigment production 
is reached only about 6 hr. after the addition of 
reagents and that in both cases the time curves for 
directly reacting bilirubin are very different from 
those obtained with sera from cases of obstructive 
jaundice and of acute hepatitis. In curve 36 it 
appears as if the direct reaction is almost completely 
negative, but in 3a the curve is typically biphasic, 
but not in the usually accepted sense. The initial 
more rapid direct reaction continues for $ hr. and 
is then succeeded by a much slower reaction. Some 
curves intermediate in character between the two 
forms represented in Fig. 3 have been encountered. 


The light absorption of solutions of azobilirubin 


Fig. 4 (in which abscissae refer to concentrations 
of bilirubin equivalent to the azo pigment in the 
final solution) shows the relationship between ab- 
sorption density and concentration over a very wide 
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mg./100 ml. 
Fig. 4. Absorption densities of solutions of azobilirubin, 


p-hydroxy-azobenzene, phenol red and thymol blue 
plotted against concentration. 


, range. The divergence from Beer’s law is just obvious 


at 1-6 mg./100 ml., probably becomes significant at 
2-5 mg./100 ml. and is gross above 4 mg./100 ml., 
and above this level absorption density increases 
relatively little with concentration. This failure of 
Beer’s law at such relatively low concentrations of 
azobilirubin is also encountered with solutions de- 
rived from sera. The divergence is so great that. we 
wondered if we were dealing with a true Beer’s law 
effect, and if such strong solutions of azobilirubin 
contained an appreciable quantity of uncoupled 
bilirubin, but increase in concentration of reagents 


6-2 
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made no difference to the absorption density, and 
calculation showed that the reagents were present 
in great excess. It has not been possible to prepare 
crystalline azobilirubin and examine the absorption 
densities of solutions of varying concentration, but 
Fig. 3 also shows the absorption densities of other 
highly coloured substances plotted against concen- 
trations from which it is seen that this gross failure 
of Beer’s law at high absorption densities is common 
to them all. It is possible that this is a molecular 
interference phenomenon of a nature allied to 
‘quenching’ in ultra-violet fluorescence. In our 
opinion, the divergence from Beer’s law of the 
absorption properties of azobilirubin solutions is not 
necessarily due to incomplete coupling of bilirubin. 


DISCUSSION 


The Rappaport & Eichhorn method in both original 
and modified forms for the photoelectric determina- 
tion of serum bilirubin is very satisfactory, provided 
that the final solution is suitably diluted with buffer 
when the concentration is such that Beer’s law is no 
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of azobilirubin formed from bilirubin, in sera from 
patients with obstructive jaundice and acute hepa- 
titis, whether these sera gave prompt, biphasic or 
delayed direct reactions, was unexpected. However, 
the failure of solutions of azobilirubin to follow 
Beer’s law in concentrations encountered during the 
performance of the direct Van den Bergh reaction 
provides a complete explanation of these various 
types of visual direct reaction (see Table 2). Ifa 
serum with a bilirubin content of 18 mg./100 ml. is 
diluted with 4 vol. of diazo reagent, the bilirubin 
concentration will be only 12 mg./100 ml. Our 
curves show that in the first 30 see. about 35% of 
the bilirubin reacts to form azobilirubin, i.e. 
12 x 35/100=4-2 mg./100 ml. In the next 30 sec. 
a further 25 % reacts, i.e. 3-0 mg./100 ml. During 
the first 30 sec. there is, therefore, a very rapid 
development of colour slowing down towards the 
end of that time when concentrations of azobilirubin 
are obtained at which Beer’s law is no longer held. 
During the next 30 sec. although a further 3-0 mg. 
bilirubin react, the increase in colour corresponding 
to this is very little because of the gross divergence 


Table 2. Analysis of the direct Van den Bergh reaction 


Concentration of bilirubin in serum 
Ditto after dilution with } vol. diazo reagent 


In Ist 30 sec., about 35% of the total 
bilirubin reacts to form azobilirubin 


Appearance to naked eye during Ist 30 sec. 


In 2nd 30 sec. a further 25% of the total 
bilirubin reacts to form azobilirubin 


Appearance to naked eye during 2nd 30 sec. 
PI g 


Description 


Serum 1 
18 mg./100 ml. 
12 mg./100 ml. 
4-2 mg./100 ml. 


Rapid development 
of much colour 
slowing markedly 
at end of 30 sec. 

3-0 mg./100 ml. 


No obvious increase 
of colour 


Prompt 


Serum 2 
9 mg./100 ml. 
6 mg./100 ml. 
2-1 mg./100 ml. 


Fairly rapid even 


development of 


colour 
1-5 mg./100 ml. 
Slower development 


of colour 


Biphasic 


Serum 3 
3 mg./100 ml. 
2 mg./100 ml. 
0-7 mg./100 ml. 


Slow development-of 
colour 


0-5 mg./100 ml. 


Slower development 
still 
Delayed 


longer followed. An additional reading of absorption 
density taken 1 hr. after mixture of the reagents 
will indicate whether the case is one of haemolytic 
jaundice and whether it is necessary to wait 6 or 
more hours before obtaining the final reading. In 
regard to the discrepancies between the results given 
by the McNee & Keefer method and by the Hasle- 
wood & King method, it has long been known that 
low results may be caused by adsorption of pigment 
on precipitated protein, particularly with sera from 
cases of obstructive jaundice. We find such adsorp- 
tion also occurs in sera from cases of acute hepatitis. 
It is therefore possible that methods which do not 
avoid protein precipitation are accurate only for the 
determination of the bilirubin content of normal 
sera and of sera from cases of haemolytic jaundice. 

The remarkable similarity in form of the curves 
obtained by plotting time against the percentages 


from Beer’s law for concentrations of azobilirubin 
corresponding to more than 4 mg. bilirubin/100 ml. 
The reaction, therefore, appears prompt because the 
naked eye is ordinarily unable to appreciate this 
further slight increase in colour. If the serum con- 
tains 9 mg./100 ml., dilution with diazo reagent will 
give a concentration of 6 mg./100 ml. In the first 
30 sec. about 2-1 mg./100 ml. will react, in the 
second 30 sec. another 1-5 mg./100 ml. There will 
be an even and rapid production of azobilirubin 
during the first 30 sec., and because within the range 
up to 2-5 mg./100 ml. Beer’s law is fairly satisfac- 
torily held, there will be an even and rapid develop- 
ment of colour with this production. During the 
second 30 sec. azobilirubin increases from a con- 
centration corresponding to 2-1 mg. of bilirubin/ 
100 ml. to one corresponding to 3-6 mg./100 ml. 
Not only is less azobilirubin produced (during that 
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30 sec. period) but the increase in intensity of colour 
is not so great in proportion to the amount of azobili- 
rubin formed since at this level Beer’s law is no 
longer followed. However, the divergence from 
Beer’s law at this range is not so great as when the 
concentration is above 4 mg./100 ml., and the eye 
is able to appreciate this slower increase in intensity 
of colour. The reaction therefore appears biphasic. 
On the other hand, if the serum contains only 
3 mg./100 ml., diluted it will contain 2 mg./100 ml. 
with 0-7 mg./100 ml. and 0-5 mg./100 ml. reacting 
in the first and second 30 sec. periods respectively. 
To the eye the development of colour will appear 
fairly uniform and the reaction will be described as 
‘delayed’. 

The type of direct Van den Bergh reaction in 
obstructive jaundice and in acute hepatitis there- 
fore depends solely on the concentration of bilirubin 
in the serum, a conception which is in agreement 
with the work of Stein (1941), whose findings we 
have confirmed in that on dilution of serum of high 
bilirubin content, prompt, biphasic and delayed 
reactions occur according to the extent of the dilu- 
tion. The results of Delgado (1943) and of Ducci & 
Watson (1945) demonstrating that the type of 
direct Van den Bergh reaction depends upon the 
relative amounts of prompt and delayed direct 
bilirubin present may be explained equally well by 
regarding the type of reaction as depending on the 
amount of total bilirubin. The findings in this paper 
demonstrate the accuracy of Van den Bergh’s 
original observations and the confusion which has 
arisen from the attempts of others to elaborate upon 
the types of reaction which bears his name. There is 
little doubt that direct Van den Bergh reactions 
should be described only as positive and negative, 
with the possible provision for a third category, the 
delayed reaction in which colour development occurs 
only after about 15 min. This delayed reaction is of 
precisely the same significance as a negative direct 
reaction. Such an interpretation is already accepted 
in practice (Lichtman, 1942). Thus positive direct 
Van den Bergh reactions in which colour develop- 
ment occurs at any time during the first 15min. may 
indicate either obstructive or hepatogenous jaun- 
dice, irrespective of the degree of promptness, of 
delay, or of its biphasic appearance, and it is not 
possible to distinguish between these types of 
jaundice by the nature of the Van den Bergh re- 
action. 

The two forms of curve encountered in the study 
of sera from cases of haemolytic jaundice will be 
discussed more fully in a subsequent publication. 
It may be mentioned, however, that the biphasic 
character of the direct reaction in cases whose curve 
of the direct reaction is represented in Fig. 3a may 
well be due to the presence of a mixture of two forms 
of bilirubin. Visual observation would have de- 
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scribed these reactions as greatly delayed, and they 
would never have been classified as biphasic in the 
usually accepted sense. 

The work described in this paper has been carried 
out on sera containing more than 1 mg. of total 
bilirubin/100 ml. and we have not attempted to 
confirm the investigations (by the Malloy & Evelyn 
method) of Cantarow, Wirts & Hollander (1942) on 
the proportion of direct and indirect bilirubin in 
sera of normal bilirubin content, since their results 
were not confirmed by Ducci & San Martin (1943). 
In our opinion, not only is it difficult to obtain 
accurate measurements with such low optical den- 
sities but other factors such as imperfections in the 
test-tube cells used by them may play an important, 
part in producing apparent differences in the per- 
centage of direct bilirubin. Cantarow, Wirts & 
Hollander also found an increased proportion of 
direct reacting bilirubin in most cases of hyper- 
bilirubinaemia associated with cirrhosis, hepatitis 
or biliary obstruction. Biphasic reactions have 
always been regarded as classical examples of direct 
reactions due to mixtures of directly and indirectly 
reacting bilirubin. Such sera when investigated in 
detail behave like sera giving prompt reactions. We 
have also found that all sera from cases of haemo- 
lytic jaundice require 5-6 hr. for complete coupling 
of the bilirubin, yet the so-called indirect fraction 
encountered in the other types of case complete the 
reaction well within the usual 30 min. For this 
reason we do not subscribe to the view that the 
so-called indirect bilirubin of non-haemolytic cases 
is the same as that from cases of haemolytic jaundice, 
and consider that measurements of directly and 
indirectly reacting bilirubin by methods employed 
by Malloy & Evelyn, by Cantarow, Wirts & Hol- 
lander and by Ducci & Watson (1945) can have 
little precise meaning. It should be realized that 
such measurements are quite arbitrary, and the 
terms direct and indirect bilirubin in such investi- 
gations should be abandoned. 


SUMMARY 


1. The Rappaport & Eichhorn (1943) method in 
slightly modified form gives the same results for 
the determination of serum bilirubin as the method 
of Malloy & Evelyn (1937), whereas other methods 
give lower results owing to adsorption of pigment 
on the precipitated proteins. 

2. The modified Rappaport & Eichhorn pro- 
cedure has been used to investigate the rate of 
formation of azobilirubin in the direct Van den 
Bergh reaction. 

3. Beer’s law is not obeyed by solutions of azo- 
bilirubin in concentrations corresponding to more 
than 1-6 mg. of bilirubin/100 ml. of final solution. 
In concentrations corresponding to more than 4 mg. 
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bilirubin/100 ml. of final solution, absorption den- 
sity increases relatively little with concentration. 

4. Prompt, biphasic and delayed direct reactions 
encountered in obstructive jaundice or acute hepa- 
titis depend solely upon the quantity of bilirubin 
present and are explained by this failure of Beer’s 
law. 

5. In the Rappaport & Eichhorn method total 
bilirubin in sera from cases of haemolytic jaundice 
requires 5-6 hr. for complete coupling, instead of 
less than 30 min. required for bilirubin in sera from 
cases of obstructive jaundice and acute hepatitis. 
In haemolytic jaundice two types of direct reaction 
are encountered: (1) a very greatly delayed and 
exceedingly weak development of colour, and 
(2) a biphasic response in which the less slow phase 
occurs during the first hour of the reaction. 

6. Reasons are given for disregarding most 
measurements of direct and indirect bilirubin 
hitherto reported in the literature. 
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7. The significance of these findings is dis- 
cussed. 


Our thanks are due to all those clinicians who have given 
us such free access to their cases. Grants from the Central 
Research Fund of the University of London, from the 
Research Fund, Diabetic Department, King’s College 
Hospital, and from the Medical Research Council enabled 
special necessary apparatus and chemicals to be purchased, 
Dr O. Rosenheim of the National Institute for Medical 
Research kindly supplied a specimen of bilirubin originally 
prepared by Thudichum. Finally, particular thanks are due 
to Mr A. H. Dawson and Miss M. Sandiford for their able 
technical help. 


ADDENDUM 


Since this work was completed, cells of 2 em. thick- 
ness and of only 15 ml. capacity have become avail- 
able for use with the Spekker instrument and low 
concentrations of bilirubin may be measured more 
accurately with them than with the 1 cm. cells. 
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Problems Associated with the Acid Hydrolysis 
of an Impure Protein Preparation 


By J. W. H. LUGG, Division of Biochemistry and General Nutrition, Commonwealth Council for Scientific 
and Industrial Research, University of Adelaide, South Australia 


(Received 11 October 1945) 


Products of the hydrolysis of proteins, the amino- 
acids, were being listed in qualitative and quanti- 
tative studies of protein composition long before 
the introduction of the peptide theory (Fischer, 
1902; Hofmeister, 1902) of protein structure pro- 


vided a satisfactory theoretical basis for the practice. 
In general, acid hydrolysis has been more widely 
used than alkali hydrolysis and, since its introduc- 
tion by Ritthausen (1868), hydrochloric acid has 
tended to replace sulphuric acid as hydrolyzing 
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agent. Some of its advantages have recently been 
discussed by Chibnall, Rees & Williams (1943). The 
difficulties attending subsequent removal of the 
hydrolyzing agent preclude, for many purposes, 
exploitation of the high rates of hydrolysis by acids 
like cetyl sulphonic acid (Steinhardt & Fugitt, 1942). 

It has been customary to conduct acid hydrolyses 
at the boiling-point (under atmospheric pressure) of 
the mixtures concerned, and for greatly varying 
periods. Sometimes the aim has been to secure 
conditions believed to be most satisfactory for the 
estimation of one amino-acid ; sometimes it has been 
intended to estimate many amino-acids in the 
hydrolysate and the aim has been to achieve the 
maximum content of free amino-acids (estimated 
as amino and/or carboxyl groups). 

When impurities of certain types are present in 
large quantity in the protein preparations, much 
‘humin’ is produced during acid hydrolysis, and in 
association with this there may be serious vitiation 
of the estimation of certain amino-acids (e.g. see 
Lugg, 1939). Humin formation also introduces 
mechanical problems. When much insoluble humin 
is present it is extremely difficult to maintain smooth 
boiling of the mixture, even with the aid of several 
hollow-tipped boiling-sticks, and there is in conse- 
quence, the risk of loss by bumping, overheating, 
or actual charring. ‘These mechanical hazards can 
be avoided by hydrolyzing at a temperature below 
the boiling-point. The literature affords little guid- 
ance, however, in regard to the period required to 
achieve the maximum content of free amino-acids, 
except that it might be expected to lie between 
24 and 48 hr. at 160° when 6N-HCI is used (e.g. 
see Van Slyke, 1912) and to be diminished by 
approximately a half for every 10° increase in tem- 
perature (e.g. see Van Slyke, 1912; Nassett & 
Greenberg, 1929). 

The purpose of the present investigation was to 
establish conditions suitable for the acid (HCl) 
hydrolysis of a particular impure protein prepara- 
tion (one of a group of preparations apparently 
similar not only in regard to their amino-acid com- 
position but also in regard to the nature and quantity 
of contaminating impurity) as a step in the estima- 
tion principally of the monoamino-dicarboxylic 
acids and many of the monoamino-monocarboxylic 
acids. This type of contaminant has been observed 
to yield substances of an acid nature (other than 
the ‘humin’) during the acid hydrolysis (unpub- 
lished observations), and as these may interfere with 
the estimation of some of the amino-acids a means 
was sought of removing them whilst leaving the 
amino-acids in the hydrolysate. The interpretation 
of the findings of the main experiments, however, 
has considerable bearing also upon problems asso- 
ciated with the hydrolysis of relatively pure protein 
preparations. 
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EXPERIMENTAL 
Hydrolysis of the preparation 

The material used was the extracted protein preparation 
from leaves of Phalaris tuberosa, described by Lugg & 
Weller (1944). It contained, when dry, 14-90% N and 
1-7% ash, and about 10% of impurity (Lugg, 1939). It 
was treated with constant boiling HCl (6-08N at 760 mm. Hg 
pressure) in the proportion of 100-0 ml. of acid /10-02 g. 
of air-dry preparation (9-44 g. dry). The mixture was con- 
tained in a flask fitted with a loosely closed reflux con- 
denser and maintained at a temperature of 99° by immersion 
in boiling water. The flask was shaken at intervals, more 
frequently during the early stages of hydrolysis, since the 
preparation very rapidly formed a gel with the acid. This 
had largely disintegrated within 15 min., most of it ap- 
pearing to go into solution but with the formation of par- 
ticles of insoluble humin. Tests showed the volume of the 
mixture (when cooled to 20°) to be 107-35 ml. from shortly 
after the commencement of hydrolysis. Samples were 
withdrawn from time to time for examination. 


Examination of samples of hydrolysate 

In earlier studies the liberation of amino groups 
during hydrolysis of proteins has usually been 
followed by one or other of two methods or modifi- 
cations of them: Van Slyke’s (1911) gasometric 
method, and Sorensen’s (1907) ‘formol’ titration. 
Richardson (1934a), stressing the fact that the 
‘formol’ titration and Linderstrém-Lang’s (1928) 
‘acetone’ titration actually estimate, respectively, 
amino and carboxyl groups, and not carboxyl and 
amino groups as had frequently been assumed, ex- 
pressed the opinion that a comprehensive titration 
method could be made extremely informative. Ac- 
cordingly, he outlined a general titrimetric pro- 
cedure for the estimation of mineral acid, carboxyl 
groups and amino groups in mixtures containing 
them. Subsequent studies (e.g. Wadsworth & 
Pangborn, 1936; Neuberger, 1944) have emphasized 
the complexity of the reactions between formalde- 
hyde and various amino-acids, but the broad prin- 
ciples of the comprehensive titrimetric procedure 
remain valid and have been followed in the present 
work. New methods based upon the ‘ninhydrin’ 
reaction (e.g. Schott, Rockland & Dunn, 1944) may 
prove valuable in studies of this type. 

Samples of 0-5000 ml. of the withdrawn, cooled 
and stirred hydrolysate, were diluted to 10-00 ml. 
after partial neutralization with about 2-2 ml. of 
n-NaOH solution. 1-000 ml. portions of the dilute 
solution were taken for titration at about 20° with 
nx/70 NaOH solution in ‘acetone’, ‘plain’ and 
‘formaldehyde’ solution to give estimates respec- 
tively of mineral acid, mineral acid plus ‘carboxyl’, 
and mineral acid plus ‘carboxyl’ plus ‘amino’ 
groups. The so-called ‘carboxyl’ groups, as esti- 
mated here, include non-carboxylic acid groups and 
partly exclude true carboxyl groups; and so-called 
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‘amino’ groups as estimated here, may include 
ammonia, proline-N, hydroxyproline-N and some 
other non-amino-N groups, together with certain 
weak acid groups, and exclude the NH, group in 
the guanidinium ion of arginine. 


‘ Acetone’ titrations. The sample was treated with 10 ml. 
of acetone containing 0-05 mg. of naphthylamine orange 
(as a few drops of its solution in 75% ethanol-water 
mixture), and titration was commenced. As titration pro- 
ceeded, the acetone solution of the dye was added to main- 
tain the volume ratio of acetone to water at 10: 1 and the 
dye concentration constant. Titrations were made to two 
end-points, the first corresponding to 0-31 ml. of x/70 HCl 
in 1 ml. of aqueous solution plus 10 ml. of acetone (referred 
to as ‘pH’ 3-4), and the second corresponding to 0-077 ml. 
of x/70 HCl under similar conditions (referred to as ‘pH’ 
4-0). Blanks, by which the titrations were corrected, were 
estimated by titrating NaCl solutions of approximately the 
same ionic strength as the partially neutralized hydrolysates. 
These blanks varied with the final volume and also with 
the final concentration of NaCl, but were about three times 
as large as the corresponding blanks in absence of the NaCl. 

‘Plain’ titrations. The sample together with the volume 
of n/70 NaOH required for titration did not exceed 6 ml., 
and if less than this, the volume was made up with water 
to 6 ml. Titrations were made to pH’s 6-0, 6-5, 7-0 and 7-5, 
these being established with appropriate phosphate buffers 
containing bromothymol blue. The mixtures contained 
0-04 mg. of the dye (as a few drops of its solution in ethanol). 

‘Formaldehyde’ titrations. The sample was diluted with 
water and then with 1 or 2 ml. of 15mM-formaldehyde solution 
(40% (w/v) formaldehyde solution) and titrated within a 
few minutes, the volume being adjusted with water so as 
to be 11 or 12 ml., respectively, at the end of the titration. 
The mixtures sometimes contained 0-10 mg. of phenol- 
phthalein, and sometimes twice this amount. The end-points 
were established against three borate buffer-formaldehyde 
mixtures, made by adding 1 or 2 ml. of the formaldehyde 
solution to 10 ml. of the buffer, the mixtures containing 
phenolphthalein at concentrations corresponding with those 
used in the titrations. The buffers contained 20 g. of borax 
(Na,B,O,.10H,O) per litre and some contained HCl in 
addition, to reduce the pH from 9-2 to about 8-7. 10 ml. 


Table 1. 
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of the pH 8-7 buffer plus 1 ml. of the tormaldehyde solution 
gave a solution of pH 8-5, and 10 ml. of the pH 9-2 buffer 
plus 1 or 2 ml. of the formaldehyde solution gave a solution 
of pH 9-0 or 8-9, respectively. Values of pH were estimated 
by means of the glass electrode neglecting liquid junction 
p-d. corrections. Blanks, by which the titrations were 
corrected, were estimated by titrating water containing 
1 or 2 ml. of the formaldehyde solution to the appropriate 
end-points. 

The test solutions always contained a brown coloured 
component (usually attributed to ‘soluble humin’), and in 
most instances it was necessary to conduct the titrations 
with compensation for this coloration, in an apparatus like 
that described by Liiers (1920). All the ‘acetone’, many of 
the ‘formaldehyde’ and several of the ‘plain’ titrations, 
were conducted in this manner. 

Richardson (1934 b,c) customarily used higher amino- 
acid concentrations than was practicable in the present 
study. If the diluted hydrolysates were permitted to be 
even 1-2 times as concentrated as those actually used in 
this work, substances were precipitated from them on 
adding the acetone for the ‘acetone’ titrations. 

The procedure was checked briefly with solutions of 
glycine, ammonium chloride, arginine hydrochloride and 
histidine hydrochloride containing HCl. These solutions, of 
which 1 ml. samples were taken for titration, contained per 
100 ml., 0-4000 g. of glycine plus 0-2372 g. of HCl, 0-2367 g. 
of NH,Cl plus 0-0292 g. of HCl, 0-3976 g. of arginine mono- 
hydrochloride plus 0-1031 g. of HCl, and 0-3000 g. of histi- 
dine monohydrochloride plus 0-0984 g. of HCl, respectively. 


The titration results, corrected for the appro- 
priate blanks, are shown in Table 1, and are there 
compared with values calculated on the simple 
assumptions, that in the ‘acetone’ and ‘plain’ titra- 
tions one molecule of HCl remains bound by every 
NH, molecule or NH, group, and that in the 
‘acetone’, ‘plain’ and ‘formaldehyde’ titrations, 
the free HCl, free HCl plus carboxyl groups, and 
free HCl plus carboxyl groups plus NH, and NH, 
groups, respectively, are titrated. The guanidinium 
ion of arginine is so strongly basic that its titration 
could only just have begun at pH 9; and histidine, 


Titrations with N/70 NaOH of samples of solutions containing known amounts of HCl and 


of glycine, ammonium chloride, arginine monohydrochloride and histidine monohydrochloride 


(Actual and calculated titration values are shown.) 


Type of titration 


‘ 


‘Formaldehyde 





* Acetone’ ‘Plain’ ec 

—— A— \ ————' ———_———— 136M. 136M. 2-5M. 

‘pH’3-4 ‘pH’40 pH60 pH6-5 pH7-0 pH 7-5 pH 8-5 pH9-0 pH 89 

Substances (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) 

Glycine + HCl (actual) 0-98 0-95 4-54 4-55 4:56 4-57 8-30 8-32 8-32 
(calculated) 0-82 0-82 4-55 4-55 4-55 4-55 8-28 8-28 8-28 

NH,Cl + HCl (actual) 0-61 0-56 0-56 0-58 0-61 0-64 3°68 3-67 
" (calculated) 0-56 0-56 0-56 0-56 0-56 0-56 3°66 3°66 3-66 
Arginine + HCl (actual) 0-69 0-76 1-98 1-99 2-00 2-02 ~ 3-34 3°37 
os (calculated) 0-65 0-65 1-97 1-97 1-97 1-97 4-61 4-61 4-61 
Histidine + HCl (actual) = 1-29 2-62 2-78 2-90 2-94 — 3-89 3-87 
(calculated) 1-89 1-89 2-89 2-89 2-89 2-89 3-89 3-89 3-89 
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lution which has a weakly basic imidazole group, did not _in the same way as that used in the volatile base estimation 
buffer titrate satisfactorily. The correspondence otherwise and comparing with a Nesslerized ammonia solution. The 
lution was considered to be good (see also the subsequent tints appeared to be entirely similar to those produced with 
aang discussion), and it was felt that reasonable precision the es ‘The sasle ave aa pe Tobie oes wine 
ction . . : . ae oes base being assumed to comprise ammonia and substituted 
wens could be attained in spite of the low concentrations sesecinalndiian ‘ea ddicessaaiitaes ti Coiaeaia adele ec mania al 
: . : > . P I g 
ining and the magnitudes of the blanks involved. the protein-N appearing as volatile base-N and ammonia-N. 
riate In Table 2 are shown the results of titrating the Tests made with methylamine and cyclohexylamine 
samples of partially neutralized protein hydrolysate. showed these amines to be quantitatively estimated in the 
ured 
nd in Table 2. Titrations with N/70 NaOH of 0-05 ml. portions of hydrolysate (9-44 g. of protein preparation 
tions plus 0-58 g. moisture plus 100-0 ml. 6-08N-HC1; total vol. 107-35 ml.) after various periods of hydrolysis 
_ (The titrations have been corrected for the amount of alkali required to adjust the pH of the hydrolysate to 7-0.) 
ions, Type of titration 
r 3 a setter aaa 
1ino- ; ek ‘Formaldehyde’ 
sent : , ‘Acetone ‘Plain po 
Period of — A. - A a = 1-36M. 1-36M. 2-5M. 
‘ be hydrolysis ‘pH’ 3-4 ‘pH’ 4-0 pH 6-0 pH 6-5 pH 7-0 pH 7-5 pH85 pH90 pH89 
d in (hr.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) (ml.) 
S 0-5 — 1-56 — 1-44 ~0-19 —0-12 +0-00 0-08 0-87 0-90 0-90 
l — 1-92 -1-81 — 0-20 — 0-12 +0-00 0-15 1-10 1-18 1-19 
3 of 2 ~2-51 — 2-29 — 0-24 ~0-15 +0-00 0-13 1-38 1-47 1-46 
and 4 —2-70 — 2-50 -0-17 —0-13 +0-00 0-08 _— 1-91 1-90 
, of 8 ~2-94 — 2-80 -0-15 ~ 0-09 +0-00 0-09 a 2-20 2-21 
per 2 — — 2-86 — — 0-07 +0-00 -—— —: — 2-35 
18. 24 ~ 3-06 ~ 2-95 ~0-10 ~0-05 +0-00 0-04 2-08 2-42 2-45 
BE) 48 -— 3-2] -3-01 — 0-08 — 0-03 +0-00 0-05 2-22 2-65 2-67 
eee 72 —3:13 - 3-04 — 0-08 — 0-05 +0-00 0-03 _ 2-70 2-74 
101 — — 3-05 — — 0-06 +0-00 0-04 —_— — 2-75 
ely. 147 -3-08 ~ 3-04 Sa ~ 0-05 £0-00 0-05 i 2-72 2-69 
eae 192 — 3-20 — 3-08 — — 0-05 + 0-00 0-05 —- 2-76 2-78 
266 —3-12 — 2-93 -—0-10 — 0-06 + 0-00 0-05 2-31 2-75 2-80 
ere 337 — 3-02 — 2-99 —0-10 — 0-05 L 0-00 0-04 — 2-65 2-66 
ple 385 — 3-05 — 2-98 — 0-09 — 0-05 +0-00 0-03 — 2-70 2-72 
ra- 
s The most precise titrations were the ‘plain’ titra- procedure for volatile base. In the procedure for the esti- 
he tions to the end-point at pH 7-0. These have been mation of ammonia, the cyclohexylamine gave a milky 
a assigned a zero value in the table, inasmuch as the ‘cloud’ with the Nessler reagent, and the methylamine gave 
7 degree of partial neutralization was fairly arbitrary, i ne ” omernet orn ery on on “ne 
ee -5% as intense to a normal eye as that given by an equi- 
Hq and a common reference point is needed for each ahaa. j ‘ f Pe 
2 : é ; ; : valent amount of ammonia. In larger quantities, methyl 
im a of titrations. Consequently, although in fact amine was found to give a yellow cloud. The methylamine 
on all the titrations were positive with respect to the coloration may have been due, in part, to the presence of a 
e, n/70 NaOH solution employed, the table shows some _ trace of ammonia as impurity, but certain amines (of which 
titrations to be positive and some negative. Al- methylamine is one) are reputed to give with Nessler’s 
though the hydrolysis was performed in duplicate reagent coloured substances soluble in KI solutions and of 
the removal of samples was not always duplicated. different tint from that given by ammonia (Charitshkov, 
However, many of the values shown in Table 2 are 1906). Thus the presence of more than a trace of a substi- 
the means of duplicates which agreed fairly closely. tuted ammonia would probably be rev oud by —— 
differences between the estimations of volatile base and 
Volatile base and ammonia estimations. Volatile base ammonia, or by departure from normal tint of the Nessler 
estimations were made by exhaustively distilling samples cf coloration. 
: hydrolysate at pH 10-0 under low pressure (temp. 45°) into ‘Insoluble’ humin-N estimations. Samples of well-stirred 
standard acid and back-titrating the excess acid. Ammonia _ hydrolysate were brought to pH 2-0 by adding NaOH 
) estimations were made by Nesslerizing a distillate obtained _ solution, and the humin was filtered off after a few hours 


Table 3. Amounts of volatile base-N, ammonia-N and ‘insoluble’ humin-N (expressed as percentages 
of the protein-N) present in the hydrolysate after various periods of hydrolysis 


Period of hydrolysis (hr.) 





192 384 


0-5 ] 2 4 8 24 48 96 
°%% volatile base-N 4-03 4-46 4-76 4:87 5-07 5-48 5-92 6-68 8-16 10-3 
% ammonia-N — —_ 4-67 — 4-94 5-43 6-62 8-16 10-2 
0 : a 2-8 — 3-1 





© insoluble humin-N - 
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and washed. The N contents of humin and filtrate were 
estimated by the Kjeldahl method and served to check the 
calculated total N content of the system. Humin-N is 
shown in Table 3 as a percentage of total N. 

Removal of organic acids. One of the hydrolysates, after 
hydrolysis had proceeded for 385 hr. was evaporated down, 
under reduced pressure at the boiling point (below 50°), to 
a viscous syrup. The syrup was taken up in about 50 ml. 
of water and the evaporation was repeated in all seven times, 
The syrup was then dissolved in slightly diluted constant- 
boiling HCl and the volume was adjusted to about that of 
the hydrolysate before evaporation. Samples were taken 
for the usual titrations, which indicated that 3% of the 
‘carboxyl’ and none of the ‘amino’ groups had been lost. 
Only 0-05% of the total N was found in the distillate and 
this probably represented traces of material transferred with 
spray during the evaporations. 

The hydrolysate was then submitted for 88 hr. to con- 
tinuous extraction at about 20° with ether freed from 
peroxide and ethanol, the ether percolating through the 
hydrolysate in drops at the rate of 1 1./hr. Portions of the 
ether extract were taken and submitted to the usual titra- 
tion procedures after removal of ether. It was found that 
4°% of the ‘carboxyl’ groups were present in the ether after 
41 hr. and 6-5% after 88 hr. Of the total N, 0:8% was 
found in the ether and in several drops of syrup which had 
separated from the ether and probably represented coalesced 
droplets of hydrolysate which had been carried over me- 
chanically by the ether. The extraction was then stopped 
and the hydrolysate was freed from ether by evaporation 
under reduced pressure and made up to about its original 
volume with slightly diluted acid as before. Samples were 
taken for the usual titrations, which revealed the loss of 
7% of ‘carboxyl’ groups and less than 1% of ‘amino’ 
groups from the hydrolysate. Actually, the extracted 
‘carboxyl’ groups were underestimated by about 10%, 
judging from the buffer capacity in ‘plain’ titrations in the 
range of pH 6-25-7-5. 

The correspondence between the quantities of ‘carboxyl’ 
and ‘amino’ groups lost from the hydrolysate in these 
treatments, and those found in the distillate or extract, 
shows that anhydride formation (see Wilson & Cannan, 
1937) must have been inappreciable. 


DISCUSSION 


In Fig. 1 smooth curves have been drawn through 
points representing the data in Table 2. It will be 
seen that the scatter of points from the curves 
(attributed here to lack of precision) was most pro- 
nounced in the ‘acetone’ titrations, especially those 
at ‘pH’ 3-4. 

It appears that the chief contaminant of the 
extracted plant-leaf protein preparations is of a 
polyuronide or polysaccharide nature, such as pectin 
or mucilage (Lugg, 1939). On digestion with mineral 
acid these substances may yield sugars and uronic 
acids as primary products, and CO,, formaldehyde, 
organic acids (not necessarily carboxylic) and un- 
identified substances (see, for example, Link & 
Niemann, 1930; Hirst & Jones, 1937; Aso, 1939) 
by secondary reactions. The carboxyl groups of 
most carboxylic acids are too strongly dissociating 
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for them to exert more than a trace of buffer action 
over the pH range 6-0—7-5. 

It will be seen that during the very early stages 
of hydrolysis there was considerable change in the 
buffer capacity of the hydrolysate in ‘plain’ titra- 
tions over the pH range 6-0—7-5. Even after 0-5 hr. 
the buffer capacity was rather high. Then, pre- 
sumably after most of the long polypeptide chains 
had been broken down to small fragments, the 
buffer capacity was still higher. Data presented by 
Simms (1928) and Greenstein (1931) have shown 
that the ionization constants of the carboxy! and 
amino groups of peptides are generally much closer 
together than are those of the individual amino- 
acids, and it is principally to this fact that the rather 
high buffer capacity of the hydrolysate at this stage 
must be attributed, as the contribution of the acids 
arising from the contaminant could not have been 
great. Finally, when almost all the peptide (in- 
cluding acyl proline and acyl hydroxyproline) 
linkages had been broken (after 24 hr.), the buffer 
capacity had become small and it remained there- 
after very steady. 

‘Plain’ titration values appropriate to pH 6-25 
(cf. Richardson, 1934a) have-been selected as pro- 
bably most nearly corresponding with the point at 
which the sum of the ‘carboxyl’ groups still un- 
titrated and of the ‘amino’ groups beginning to be 
titrated, was a minimum. Judging from the work 
of Batchelder & Schmidt (1940) the influence of 
NaCl in the concentrations here encountered, upon 
the ionization constants of the amino-acids, must 
have been very small. 

It will be noticed that the ‘acetone’ titrations of 
the hydrolysate to ‘pH’ 4-0, were invariably a little 
smaller (shown as more negative in Table 2) than 
those carried to ‘pH’ 3-4. Ordinarily this would 
suggest the presence of rather strong organic acid 
groups, and the values at ‘pH’ 3-4 would be selected 
as more likely to differentiate the mineral acid from 
the rest. But the salt concentration was high and 
blanks were correspondingly large (particularly in 
titrations at ‘pH’ 3-4), and uncertain, both because 
of their magnitude and because specific ion effects 
may become more important at the higher salt con- 
centrations. Even in the ‘acetone’ titrations of the 
glycine plus HCl and the NH,Cl plus HCl solutions, 
the uncertain blanks must be held responsible for 
the slightly anomalous titration values reported (ef. 
Richardson, 1934c). For the reason that the direc- 
tion as well as the magnitude of the blank errors is 
uncertain in the ‘acetone’ titrations of the hydro- 
lysate, it has been deemed advisable to accept means 
of the titration values at ‘pH’ 3-4 and 4-0 as most 
satisfactorily differentiating the mineral acid from 
the ‘carboxyl’ groups. 

‘Formaldehyde’ titrations of the hydrolysate at 
pH 8-5 (unlike that of the glycine plus HCl) were 
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Fig. 1. Variation, with period of hydrolysis, of titration fractions in the hydrolysate of Table 2. a,, a,: ‘Acetone’ 
titraticns to ‘pH’ 2.4 and 4-0, respectively. p,. ps, Ps, Py: ‘Plain’ titrations to pH 6-0, 6-5, 7-0 and 7-5, respectively. 
fis fe» fg: ‘Formaldehyde’ titrations to pH 8-5 (1-36m-formaldehyde), pH 9-0 (1-36m-formaldehyde) and pH 8-9 
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) ml. portions 


ips in 0-0 





or 
£ 








quivalent titrations of 


. 


0 100 200 300 


Period of hydrolysis (hr.) 


E 


< 


Fig. 2. Variation, with period of hydrolysis, of ‘carboxyl’ and ‘amino’ groups and volatile base in the hydrolysate of 
Table 2. A, ‘carboxyl’ groups; B, ‘amino’ groups; C, volatile base; D, ‘amino’ groups minus volatile base plus 
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notably smaller than those at pH 9-0 or 8-9, except 
during the early stages of hydrolysis. Discrepancies 
of this magnitude were anticipated from Levy’s 
(1933) study of the influence of various concentra- 
tions of formaldehyde upon the apparent ionization 
constants of the amino-acids. It was considered, in 
the light of aspects discussed later, that the titra- 
tions in presence of 2-5M-formaldehyde (most of the 
values were slightly greater than those obtained in 
presence of 1-36M-formaldehyde) would afford the 
most satisfactory estimates of ‘amino’ groups. 

Points representing arithmetic mean positions 
between curves a, and a,, and curve f/f; in Fig. 1, 
have been used together with points representing 
arithmetic mean positions between curves p, and p., 
in constructing the smooth curves A and B in Fig. 2, 
showing the production of ‘carboxyl’ and ‘amino’ 
groups, respectively. Curve C has been drawn 
through points calculated from the data in Table 3 
for the production of volatile bases. As was found 
by Shore, Wilson & Stueck (1936) for ovalbumin, 
the early, short-lived, rapid production of volatile 
base (essentially NH ;) was followed by a long slow 
production, and these phases may almost certainly 
be attributed substantially to deamidation and de- 
amination (including, perhaps, decarboxylation) 
reactions, respectively. Whereas Shore e¢ al. found 
the deamination with ovalbumin to be almost linear 
with time of hydrolysis, the rate of deamination 
with the P. tuberosa leaf-proteins had begun to fall 
perceptibly towards the end of the period of hydro- 
lysis. The amide content of this preparation has 
already been reported as 4-74% of the protein-N 
(Lugg & Weller, 1944), this value being calculated 
from the volatile base produced during a 3 hr. 
hydrolysis at 100° with 2N-HCl. Back extrapolation 
of the more nearly linear portion of curve C, Fig. 2 
(preferably drawn to larger scale), subsequent to the 
virtual completion of the presumed deamidation 
(10-20 hr.), suggests approx. 4-8 % for the amide-N, 
a value agreeing closely with that found at 2 hr. 
and with that reported by Lugg & Weller (1944). 
Curve E has been constructed by subtracting values 
on curve C from corresponding values on curve B, 
and curve D by adding quantities representing the 
amide NH, produced (after about 2 hr. this was 
0-155) to all points on curve /. Thus curve E shows 
the net production (i.e. liberation minus destruction) 
of non-volatile ‘amino’ groups, and curve D pur- 
ports to show the net production of amide-NH, plus 
amino-acid ‘amino’ groups. 


The general impression gained from a study of 
Fig. 2 is that both ‘ 
were liberated by rapid reactions in the early stages 
of hydrolysis and by slow reactions thereafter. 
During the early stages, ‘carboxyl’ groups were 
liberated more rapidly than were ‘amino’ groups, 
and the difference is probably to be sought in the 


carboxyl’ and ‘amino’ groups 
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liberation of acid groups from the impurity. By 
about 15 hr. the rate of net production (i.e. rate of 
liberation minus rate of destruction) of ‘carboxyl’ 
groups had fallen below the rate of net production 
of ‘amino’ groups (i.e. below the rate of liberation 
of ‘amino’ groups, as their rate of destruction seems 
to have been zero). 

The decarboxylation of a dicarboxylic amino-acid 
and the deamination of a diamino-acid should yield 
amino-acids in the first step, but the decarboxylation 
of a monocarboxylic amino-acid and the deamina- 
tion of a monoamino amino-acid should yield an 
amine and a carboxylic acid, respectively. In the 
event of a simple amino-acid undergoing de- 
carboxylation and deamination, the only titratable 
residue in the procedure adopted here would be the 
NH,. Voiatile basic groups may thus be produced 
from amino-acids by deamidation and deamination 
reactions (giving NH;) and by decarboxylation 
reactions (giving amines). This last-mentioned 
potential source of volatile base seems generally to 
have been ignored. However, Table 3 suggests that 
even after 385 hr. hydrolysis, by which time more 
than half of the volatile base must have arisen in 
deamination and decarboxylation reactions, only a 
trace of ‘amine’ (if any) could have been included. 
If decarboxylation of amino-acids is appreciable 
under these conditions, then the tentative conclusion 
must be drawn that the amino groups too are 
usually involved or that any amines formed are 
rapidly deaminated. 

Whereas a decarboxylated amino- or carboxylic- 
acid ceases to provide an acid group for the titrations 
(the CO,, being lost in the procedure adopted here, 
fails to affect even the ‘formaldehyde’ titrations), 
a deaminated amino-acid, yielding NH,Cl, provides 
a basic group as before. But because of the presence 
of acid groups derived from the impurity, the 
‘carboxyl’ group net production curve (showing a 
maximum at about 60 hr.) cannot be given much 
consideration when judging optimum conditions of 
hydrolysis. Attention must be concentrated rather 
upon curve D, which shows a maximum at about 
75 hr. If any considerable fraction of the ‘amino’ 
groups were to remain unliberated at this point it 
would be preferable to hydrolyze beyond it, and to 
apply correspondingly greater corrections for the 
losses of amino-acids by the degradation reactions, 
than to have considerable quantities of unknown 
peptides in the hydrolysate. In accepting this as 
the most satisfactory stage of hydrolysis for the 
object in view, I have taken as a criterion of ‘com- 
pleteness’ of hydrolysis a condition differing for- 
mally from that of Henriques & Gjaldbik (1910), 
who chose the stage at which the ‘amino’-N minus 
ammonia-N reaches a maximum. 

An important question arises in regard to the 
deamination. If ammonia were to come from the 
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guanidinium group of arginine and the imidazole 
group of histidine, the non-volatile ‘amino’ groups 
would not be decreased correspondingly and might 
even be increased. Deaminative destruction of 
amino-acids could thus be obscured, and the ac- 
cepted criterion of ‘completeness’ of hydrolysis 
would be unsatisfactory. In tests under conditions 
similar to those obtaining in the hydrolysis of the 
protein, arginine (which represents such a large 
fraction of the protein-N) yieided only 0-02 % of its 
N as volatile base in 24 hr. and only 0-08 % in 96 hr. 
This extremely small production of volatile base is 
reassuring. 

By 75 hr. about 0-3 % of the total N still remained 
to be liberated as ‘amino’-N, but (in addition to the 
amide-N) 1-4% had been produced as NH, by 
degradation of amino-acids. And, although together 
with the apparently large destruction of acids 
coming from the impurity some decarboxylation of 
amino-acids must have occurred, it seems from the 
above discussion that this degradation of amino- 
acids (if appreciable) is already represented, at least 
in large part, by a portion of the 1-4 % deamination. 
The considerations are complicated by the possi- 
bility of partial decarboxylation of the dicarboxylic 
amino-acids, but in a general way it seems that the 
over-all corrections for loss due to decarboxylation 
and deamination would be substantially the same 
as those calculated from the deamination alone. 

Although repeated evaporation at low tempera- 
ture removed some of the free organic acids in the 
final hydrolysate (3% of the ‘carboxyl’ groups). 
protracted extraction with ether removed much 
more (an additionai 7%). In an experiment with a 
more impure protein preparation from the leaves of 
Trifolium subterraneum, containing only 13-1% N 
and therefore (Lugg, 1939) probably 20% of im- 
purity, the hydrolysis period was about 75 hr., and 
of the free organic acids produced it is probable that 
a much larger fraction had originated in the im- 
purity. Extraction with ether as in the other ex- 
periment removed 4 % of the total ‘carboxyl’ groups 
in 12 hr., 7% in 62 hr., 8% in 86 hr. and 9% in 
180 hr., and, as in the earlier experiment, these 
quantities were judged to be underestimated by 
about 10%. It seems that protracted extraction 
with ether would generally be more effective than 
repeated evaporations at low temperature in re- 
moving organic acids from the hydrolysates. It is 
possible, too, that end-products of amino-acid 
deamination and decarboxylation (presumably, 
mainly alcohols, if the deamination is hydrolytic) 
would be removed almost quantitatively by the 
ether. 

From actual and presumptive knowledge of the 
composition of this protein (Lugg & Weller, 1944; 
Lugg, 1943), knowledge of the general effects of the 
impurities upon the estimations of the amino-acids 
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and knowledge of the behaviour of the various 
amino-acids in the titration procedure, it is possible 
to calculate the total ‘amino’-N approximately. 
Thus, of the (say) 15 % of arginine-N not more than 
about 26 %, of the 2-08 % of tryptophan-N not more 
than about 50 %, and of the (say) 2 % of histidine-N 
not more than about 39 %, could appear as ‘amino’- 
N, even if these amino-acids were wholly free in the 
solution. Of the 3% insoluble humin-N, probably 
two-thirds would be represented by the tryptophan 
and the remaining third probably by fractions of 
the tyrosine, cyst(e)ine and methionine, for the most 
part (Lugg, 1939). It is unlikely that more than a 
very small amount of N could have been associated 
with the soluble humin (Lugg, 1939), but it is not 
known whether it would or would not be estimated 
as ‘amino’-N. Thus, not more than about 84-6 % of 
the total N could be expected to appear as ‘amino’- 
N. This value would be still further decreased, by 
the fact that the titrations of the ‘amino’ groups of 
the other amino-acids must have been short of com- 
pletion (e.g. see Levy, 1933) by from about 0-1% 
in the case of glycine (say 0-4% of the protein-N) 
to about 7% in the case of proline (say 2% of the 
protein-N), the over-all discrepancy being of the 
order of about 1%. On the other hand, the value 
would be increased in consequence of the phenolic 
OH group in tyrosine being about 10% titrated in 
the ‘formaldehyde’ titration and by the fact that 
the ‘plain’ titration at pH 6-25 of the acids formed 
from the contaminant was found to be about 10% 
short of completion. The actually estimated ‘amino’- 
N, calculated from curve B and the known volume 
of hydrolysate, was 85-4 % of the total N. 


SUMMARY 


1. A study has been made of the liberation and 
destruction of ‘carboxyl’ and ‘amino’ groups, 
during the acid hydrolysis for 385 hr. at 99°, of an 
impure protein preparation obtained from plant 
leaves. 

2. ‘The maximum net production of amide-NH, 
plus amino-acid ‘amino’ groups (essentially NH, 
groups except that in the guanidinium ion of 
arginine, proline-N and hydroxyproline-N), has 
been formulated as a criterion of ‘compieteness’ of 
the protein hydrolysis. The net production of 
‘carboxyl’ groups could not be used in the formula- 
tion, because some of them came from the impurity. 

3. Under the conditions employed (using for 
hydrolysis 10 ml. of 6-08N-HCi/g. protein) the period 
needed to meet the requirements cf this criterion 
was about 75 hr. This is notably in excess of the 
time which might have been presumed necessary 
from the work of earlier investigators with other 
proteins. The net production of ‘carboxyl’ groups 
was at a maximum at about 60 hr. At 75 hr. the 
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‘amino’-N represented 85-4% of the total N, and 
although about 0-3% of the total N yet remained 
to be liberated as ‘amino’-N,some 1-4 % had already 
appeared as NH, (in addition to amide-N) from 
degradation of amino-acids. 

4. Tests indicated that volatile amines (substi- 
tuted ammonia) could have been present only in 
traces in the hydrolysate, and the conclusion has 
been drawn that when an amino-acid is decarb- 
oxylated under the above conditions, the amino 
group also must usually be involved or the amine 
first formed must be deaminated rapidly. 
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In several animal species the aqueous humour con- 
tains 20-30 times as much ascorbic acid as the blood 
plasma. This was first shown by Miller (1933) and 
the average values collected by Bellows (1944) are: 
cattle 20, rat 15, rabbit 25, and guinea-pig 13 mg./ 
100 ml. This high concentration in a body fluid is 
exceptional for, in general, ascorbic acid is more 
concentrated in the body cells than it is in the fluids. 
For example, Ralli & Sherry (1941) found that 
human white blood cells contain 25-38 mg. ascorbic 
acid/100 g., while average values for human plasma 
are below 1-0 mg./100 ml. 
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5. Organic acids arising from decomposition of 
the impurity (believed to be a polysaccharide or 
polyuronide, like mucilage) and by deamination of 
amino-acids, were found to be more readily removed 
by prolonged extraction of the hydrolysate with | 
ether, than by repeated evaporation with water at | 
the boiling-point under low pressure. 
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Other parts of the eye also contain high concen- 
trations of ascorbic acid. The retina (Sullmann & 
Schmidt, 1942), the vitreous humour (Johnson, 1936) 
and the ciliary processes (Friedenwald, Buschke & 
Michel, 1943) in cattle, rabbits and guinea-pigs have 
about 15-20 mg./100 g.: the concentration in the 
lens may be higher or lower than it is in the aqueous 
humour according to the species of animal studied 
(Bellows, 1944). Friedenwald e¢ al. (1943) consider 
that ascorbic acid is secreted into the aqueous 
humour by the ciliary body and that this is the 
source of the ascorbic acid in the lens. The aqueous 
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humour bathes the internal surface of the cornea as 
well as the lens surfaces and it seemed of interest to 
determine the concentration of ascorbic acid in this 
tissue. In the first place the normal values may 
give us information about the permeahility of the 
corneal endothelium and epithelium to a weak acid 
which is a normal constituent of the aqueous 
humour. In the second place it is of general interest 
to know the normal concentration of ascorbic acid 
in the cornea and what change takes place after 
injury as Wolbach (1933) has shown that ascorbic 
acid is necessary for the formation of collagen which 
is the main constituent of the corneal stroma. 

The ascorbic acid content of the cornea in cattle 
and rabbits has therefore been investigated as well 
as the change in its concentration after a chemical 
injury. The permeability to ascorbic acid of the 
corneal endothelium and epithelium has been briefly 
studied in an attempt to determine the source of 
the ascorbic acid in the cornea and how it is related 
to that in the aqueous humour. 


METHODS 


Rabbit cornea. The two eyes were excised immediately 
after death and the corneas quickly cut out, blotted free of 
aqueous humour, weighed and finely minced with scissors. 
The minced tissue was transferred to a centrifuge tube and 
0-5 ml. of 30% metaphosphoric acid was added. The tissue 
was ground up in this with a glass rod, 1-5 ml. water was 
added and the tube was then centrifuged. The supernatant 
liquid was titrated from a 1-0 ml. burette with 0-05 or 
0-1 ml. 2:6-dichlorophenol-indophenol which was freshly pre- 
pared each day. The concentration of the dye was such 
that 0-1 ml. dye was equivalent to 0-01 mg. ascorbic acid. 
In four experiments the corneal epitheiium was separated 
from the stroma by scratching it off with a sharp knife and 
the ascorbic acid content of the epithelium and stroma was 
separately estimated. 

Ox cornea. The ascorbic acid content of whole single 
corneas and of separated epithelium and stroma was esti- 
mated. The tissue was first chopped, weighed and then 
ground with sand in a cooled mortar. Metaphosphoric acid 
(1 ml. 30%) and 3 ml. water were then added and, after 
centrifuging, the titration was carried out in the usual way. 

Aqueous humour. The aqueous humour was taken with 
a hypodermic syringe or small capillary pipette from the 
rabbits’ eyes before and from the ox eyes after excision. 
The volume was measured and an equal volume of 30% 
metaphosphoric acid was added. The total volume was 
brought to 1 ml. with water and after centrifugation was 
titrated with 0-05 or 0-1 ml. dye. The volume of aqueous 
humour obtainable from a rabbit’s eye was approximately 
0-2 ml. 

The metaphosphoric acid extracts from the corneas were 
usually faintly opalescent. To check whether this opalescent 
material had any effect on the titration of ascorbic acid, 
fresh ox corneas were chopped, weighed and then dialyzed 
against a large volume of distilled water at 0° for 48 hr. 
before being extracted with acid. The extracts from these 
dialyzed corneas although opalescent contained no sub- 
stance which titrated with the dye. 


ASCORBIC ACID CONTENT OF CORNEA 97 


RESULTS 


The average concentration of ascorbic acid found 
in rabbit cornea was 55 mg./100 g. of tissue with a 
range from 33 to 81 mg./100 g. Cattle cornea had 
an average concentration of 31 mg./100 g. of tissue 
with a range of 26 to 36 mg./100 g. (Table 1). 


Table 1. Ascorbic acid content of cornea 


Ascorbic Wt. of Ascorbic Wt. of a 
acid pair of acid single 
(mg./ corneas (mg. cornea 
No. 100g.) (g.) No. 100g.) (g-) 
(a) Rabbit cornea (b) Cattle 
1 53 0-125 1 26 0-47 
2 33 0-165 2 32 0-51 
3 45 0-165 3 36 0-55 
4 54 0-140 4 32 0-51 
5 64 0-165 5 31 0-52 4 
6 47 0-160 BO ee 
- 68 0-135 Average 31 0-51 
8 48 0-125 
9 73 0-135 
10 60 0-130 
11 81 0-130 
12 60 0-115 
13 41 0-150 
14 40 0-130 
Average 55 0-140 


The concentration in the corneal epithelium is 
much higher than it is in the stroma (Table 2). Ox 
corneal epithelium contains about half of the total 
ascorbic acid present in the cornea although it is 


Table 2. Ascorbic acid content of corneal 
epithelium and stroma 


Ascorbic acid (mg./100 g.) in 





sag ees 


Z = 
No. Epithelium Stroma Aqueous humour 


(a) Rabbit 
1 93 24 29 
2 150 36 40 
3 118 23 34 
4 11] 16 23 
(6) Cattle 
1 94 17 — 
2 90 17 — 
3 59 16 — 
4 47 17 — 


only about a sixth of the total weight. The concen- 
tration in the corneal epithelium of the rabbit seems 
to be even higher, but owing to the small weight of 
tissue obtainable (c. 15 mg. from two eyes) the 
figures are probably not as reliable as those for the 
ox. In both animals the concentration in the stroma 
is much the same as the concentration in the aqueous 
humour. The high concentration in the epithelium 
may be a reflexion of its high cell content for ascorbic 
acid is concentrated in the body cells. The concen- 
tration of riboflavin is also higher in ox corneal 
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epithelium than it is in the stroma but, in this case, 
the concentration is very low both in the corneal 
stroma and in the aqueous humour (Philpot & 
Pirie, 1943). 

These results show that the concentration of 
ascorbic acid in the cornea is considerable but do 
not enable us to decide whether its source is the 
aqueous humour or whether the corneal epithelium, 
which has the highest concentration of any part of 
the eye, is the source of that in the corneal stroma 
and possibly also of that in the aqueous humour. 
In order to get evidence on this point the permea- 
bility of the corneal endothelium to ascorbic acid 
was tested and the change in the concentration of 
ascorbic acid was determined in the cornea and 
aqueous humour after injury to the cornea. 


Penetration of corneal endothelium 
by ascorbic acid 


Experiments were done to see whether the passage 
of ascorbic acid through the corneal endothelium 
from the aqueous humour could be demonstrated. 
Bellows (1936) found that the concentration in the 
aqueous humour was raised | hr. after 100 mg. of 
ascorbic acid had been put in the conjunctival sac 
of a rabbit’s eye, which shows that the cornea is 
permeable in at least one direction. Neutralized 
ascorbic acid, 2-4 mg., was injected into the anterior 
chamber of ox eyes brought from the slaughter-house 
immediately after the death of the animal. The eyes 
were left in a moist vessel on the bench for 10 min. 
and the corneas were then excised, washed, blotted, 
weighed and then extracted as usual for the estima- 
tion of ascorbic acid. Table 3 shows that there was 
a small rise in the ascorbic acid content of the 


corneas. 
Table 3. Penetration of cattle cornea 
by ascorbic acid 


Ascorbic acid injected Ascorbic acid 


————— found 
No. mg. ml. (mg./100 g.) 
] 2 0-1 38 
2 2 0-1 51 
3 4 0-2 57 
4 4 0-2 60 
5 4 0-2 38 
6 8 0-2 61 


Average value and range for normal cornea 31 (26-36) 

A further attempt to test the permeability of the 
endothelium was made by determining whether re- 
moval of aqueous humour lowered the concentration 
of ascorbic acid in the cornea. The aqueous humour 
was removed from both eyes of the rabbit with a 
sterile capillary pipette after cocainizing the eye 
and the ascorbie acid concentration was estimated. 
The aqueous humour was again removed after 
60 min. and again after 150 min. and the ascorbic 
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acid content of these reformed aqueous humours 
was estimated. After 60 min. the concentration had 
fallen to one-half and it remained at this level. 
30 min. later the rabbit was killed and the ascorbic 
acid of the corneal stroma and epithelium was 
estimated (Table 4). 


Table 4. Change in concentration of ascorbic acid 
after removal of aqueous humour. Left eye 





’ Concentration of ascorbic acid 
ic sem 
Volume of Aqueous Corneal Corneal ‘ 
aqueous humour stroma epithelium 

Time humour (mg./ (mg./ (mg./ 

(min.) (ml.) 100 ml.) 100 g.) 100 g.) 
0 0-22 23 — ie 
60 0-18 10 — _—— 
150 0-16 ll _ — 
180 —_ —_ ll 89 


Average and range of - 25 (36-16) 118 (150-93) 


four normals 


The fall in ascorbic acid in the cornea is not sufii- 
cient to account for the replacement of the aqueous 
humour ascorbic acid, and the results show that, 
under the conditions of the experiment, there is 
very little diffusion of ascorbic acid from corneal 
epithelium to aqueous humour. The fall in concen- 
tration in the corneal stroma may be significant 
and indicate permeability of the endothelium. The 
drawbacks of the experiment are that the effect of 
cocaine on the permeability of the corneal cells is 
unknown and the reformed aqueous humour con- 
tains considerable protein and cannot be considered 
as a normal bathing fluid for the corneal endo- 
thelium. 

An experiment to find whether the corneal epi- 
thelium was permeable to ascorbic acid in the 
outward direction showed that little, if any, diffused 
out of the epithelium in 2 hr. at 20°. Washed, excised 
ox corneas were suspended in 3-0 ml. of phosphate 
Ringer solution, pH 7-4, so that the epithelium was 
completely bathed by it. The whole cornea was 
enclosed in a moist chamber. After various times 
the ascorbic acid of the cornea, epithelium and 
bathing fluid was determined. There was no change 
after 30, 60 or 120 min., all values being within the 
normal range. No ascorbic acid could be detected 
by titration of the bathing fluid. 


Effect of injury 

A series of experiments was carried out to see 
what change took place in the ascorbic acid concen- 
tration of the cornea after injuries which cause 
oedema of the substantia propria and destruction 
of the corneal corpuscles. The oedema fluid that 
enters the injured cornea can come from the aqueous 
humour, the capillaries at the limbus, or from the 
tears. Determination of the ascorbie acid concen- 
tration of the injured cornea might give a clue to 
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the source of the oedema fluid. The corneas of rabbits 
were injured with £f’-dichlorodiethyl sulphide. 
Pullinger & Mann (1943) have shown that this sub- 
stance causes oedema of the rabbit’s cornea which 
may be maximal after the epithelium has healed by 
sliding of the peripheral epithelial cells over the 
denuded area. The technique was exactly that of 
Mann & Pullinger (1942). Development of the 
oedema was watched with a slit lamp and could 
finally be judged from the weight of the excised 
cornea. The ascorbic acid content of the cornea and 
aqueous humour was estimated in the usual way. 
In all cases the aqueous humour contained large 
amounts of protein precipitable by metaphosphoric 
acid. 

Table 5 shows that the concentration of ascorbic 
acid has fallen until it approximately equals that of 
the aqueous humour. The weight of the cornea may 
increase 2-3 times and, if the oedema fluid were 
aqueous humour one would not expect such a fall 
in ascorbic acid concentration, on the assumption 
that the capacity of the injured cornea to hold 
ascorbic acid remains normal. This assumption, 
however, is probably unjustified, for Pullinger & 
Mann (1943) showed that such injury destroyed the 
corneal corpuscles, the only cells of the corneal 
stroma. Four days after injury, the time at which 
most of the estimations were done, the epithelium 
has healed by sliding but no regeneration of corneal 
cells will have taken place. We cannot conclude, 
therefore, that the large fall in the concentration of 
ascorbic acid in such injured corneas means that 
the oedema fluid does not come from the aqueous 
humour. 


Table 5. Concentration of ascorbic acid in 
cornea and aqueous humour after injury 


Ascorbic acid 
concentration 


— >} 
Aqueous 
humour Corneas 
Time after (mg./ (mg./ Wt. 
No. injury 100 ml.) 100g.) (g.) 
1 7 hr. 37 44 0-175 
2 1 day 23 24 0-275 
3 24 days 13* 8* 0-30 
+ 4 days 25 16 0-27 
5 4 days 26 21 0-30 
6 4 days 18 22 0-44 
Normal average 26 55 0-14 


* This rabbit developed iridocyclytis. 


A further opportunity to test the effect of injury 
on the corneal ascorbic acid came when one rabbit 
in the colony developed bilateral cataract due to a 
previous intraocular injection into the vitreous 
humour. The ascorbic acid of the lens and aqueous 
humour is known to be lowered in some types of 
cataract and the eyes of this animal were used to 
determine what the concentration of ascorbic acid 
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might be in the normal cornea of an abnormal eye. 
Neither the lens nor the aqueous humour contained 
titratable amounts of ascorbic acid. The corneas 
contained approximately 16 mg./100 g. During the 
addition of the large volume necessary, there was 
probably some fading of the dye during titration, 
which would make this value higher than the true 
content. In this one case of experimental cataract 
there was, therefore, a very marked reduction of 
ascorbic acid in the apparently normal cornea and 
a complete absence of ascorbic acid in the aqueous 
humour and lens. 
DISCUSSION 

These experiments show that a considerable con- 
centration of ascorbic acid is present in the cornea as 
a whole and that within the tissue there is an uneven 
distribution. The concentration in the stroma is 
about equal to that in the aqueous humour; the 
concentration in the corneal epithelium is much 
higher. Friedenwald et al. (1943) have produced 
evidence that ascorbic acid reaches the aqueous 
humour from the ciliary body. If we consider that 
the flow of ascorbic acid is in this direction, it seems 
reasonable to consider the aqueous humour as the 
source of the ascorbic acid in the cornea. This implies 
that the corneal endothelium is permeable to as- 
corbic acid and that the epithelial cells can maintain 
a higher concentration of ascorbic acid than the 
corneal stroma. Some evidence in favour of this 
view has been obtained. The concentration of 
ascorbic acid in the epithelium was maintained 
against a lowered concentration in the aqueous 
humour and ascorbic acid did not diffuse at all 
freely from the cells into Ringer’s solution. On the 
other hand, the corneal endothelium seemed to be 
slightly permeable to ascorbic acid in either direc- 
tion. These facts seem more in accord with the view 
that the corneal epithelium is able to concentrate 
ascorbic acid than that the epithelial cells are the 
source of the ascorbic acid present in the corneal 
stroma and aqueous humour. 


SUMMARY 


1. There is a high concentration of ascorbic acid 
in the ox and rabbit cornea. 

2. The concentration is greatest in the corneal 
epithelium and the concentration in the corneal 
stroma is about equal to that in the aqueous 
humour. 

3. The corneal endothelium is permeable to 
ascorbic acid. 

4. The concentration of ascorbic acid in the 
cornea falls after injury with £f’-dichlorodiethyl 
sulphide and was found to be very low in one case 
of cataract in a rabbit. 

The experiments in which £§’-dichlorodiethyl sulphide 
was used are reported with the permission of the Ministry 
of Supply. 
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The Manometric Determination of Formic Acid 


By N. W. PIRIE, Rothamsted Experimental Station, Harpenden, Herts 


(Received 13 October 1945) 


In spite of much effort there is no wholly satisfactory 
method for the estimation of small amounts of 
formic acid. Most of the methods that have been 
published depend on the fact that this acid is a 
volatile reducing agent, but its volatility is rather 
low and the specific estimation of a reducing agent 
in biological material is notoriously difficult. Two 
methods that do not depend on these properties 
have been described. One involves the liberation 
of carbon monoxide on treatment with strong 
sulphuric acid; it has been much used for the recog- 
nition of formic acid, but it has not been adapted 
for convenient analytical use. The other involves 
the reduction to formaldehyde by magnesium 
(Fenton & Sisson, 1908; Droller, 1932) and the 
colorimetric estimation of the formaldehyde. This 
method appears in several text-books (e.g. Snell & 
Snell, 1937), but in my hands it has proved unsatis- 
factory and Pickett, Ley & Zygmuntowicz (1944) 
have likewise been unsuccessful with it. 

Mixtures of volatile acids have been analyzed by 
collecting and titrating separately several fractions 
of distillate. The rates of distillation of the individual 
acids are known so that, by solving a series of 
simultaneous equations, the composition of mixtures 
of three or four acids can be ascertained (Hillig & 
Knudsen, 1942; McClendon, 1944; McNair, 1933). 
Formic acid distils more slowly than other unsub- 
stituted fatty acids, but it is not clearly differen- 
tiated from some of the substituted acids. Distilla- 
tion has, therefore, generally been used simply as a 
means of preliminary separation from other com- 
ponents of the mixture. The same result has also 
been achieved by extracting the formic acid from 
aqueous solution with an immiscible solvent. This 
procedure is especially suitable when the effects of 
acid distillation must be avoided as, for example, 


when the course of an acid hydrolysis is being fol- 
lowed (Miles & Pirie, 1939) or when free formic acid 
is being estimated in the presence of components 
that would give rise to formic acid during acid dis- 
tillation (Claren, 1942). The method is, however, 
inconvenient, for no solvent is known with a very 
favourable partition coefficient and with most sol- 
vents the extraction becomes less efficient as it 
becomes more complete. 

Mercuric salts are relatively specific oxidizing 
agents and they have been most commonly used in 
the final stage of the estimation, but a wide range of 
other agents has also been proposed. Among these 
permanganate (Klein, 1887), bromine (Joseph, 1910) 
and chromic acid (Tsiropinas, 1917) may be men- 
tioned. These agents have been used in work more 
recent than that quoted and the reactions have been 
followed in a wide variety of ways, but all have been 
severely condemned as relatively unspecific. Stanier 
& Massart (1935) claim a greater specificity for 
periodate and Pickett et al. (1944) find that ceric 
sulphate, under defined conditions in which the 
action is followed by estimation of the CO, pro- 
duced, has a specificity similar to that of mercuric 
salts. If small amounts of formic acid are being 
estimated, this ceric method would appear to be 
the most suitable of those already published. 

The early literature on the use of mercuric salts 
for the oxidation was surveyed by Fincke (1913), and 
he defined the conditions necessary for quantitative 
oxidation and listed most of the substances that are 
liable to interfere with the reaction. Fincke weighed 
the mercurous chloride formed as a result of the 
action and this technique has been used by Auerbach 
& Zeglin (1922) and others, although the physical 
properties of mercurous chloride make it difficult to 
manipulate small amounts quantitatively. It has 
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also been determined by solution in an excess of 
iodine and back titration (Riesser, 1923; de Eds, 
1924). A method depending on the titration of the 
hydrochloric acid that is produced during the oxida- 
tion was described by Fuchs (1929). Osburn, Wood 
& Werkman (1933) improved the mercuric method 
greatly by estimating the CO, formed from the 
formic acid, for by this means the interference by 
most other volatile reducing agents is cireumvented. 
Technical improvements in the method were de- 
scribed by Weihe & Jacobs (1936) and by Reid & 
Weihe (1938), but the method was still suitable only 
for large (50-100 mg.) quantities of formic acid. 


METHOD 


The Markham (1942) distillation unit is very suitable 
for the preliminary separation of the formic acid; 
it was indeed for this separation that the unit was 
originally designed. In the method to be described 
there is no advantage in having a small volume of 
distillate; no use has therefore been made of the 
various agents, such as magnesium sulphate (Olm- 
sted, Whitaker & Duden, 1929), tetrachloroethylene 
{Claren, 1942), or benzene (Schicktanz, Steele & 
Blaisdell, 1940), which accelerate the distillation of 
formic acid. Manometric determination of the CO, 
is an obvious step in the adaptation of the mercuric 
method to the determination of small amounts of 
formic acid. The conditions necessary for complete 
oxidation by mercuric salts are now well known and, 
since they involve heating the mixture at 100°, a 
Van Slyke manometer with a detachable reaction 
vessel is used rather than a Warburg manometer. 

A lml., or at most 1-5 ml., sample containing 
0-1-1-0 mg. of formic acid and sufficient sulphuric 
acid to make it normal is pipetted into the Markham 
unit and steam distilled till 40 ml. of distillate have 
collected. The distillate is titrated with 0-02nN- 
NaOH, with methyl red as indicator, and when the 
end-point is reached a further 0-1 ml. is added; the 
slightly alkaline fluid is then boiled down to 3-4 ml. 
on a hot plate. It is quantitatively transferred to a 
10 ml. test-tube having a B14 interchangeable 
ground-glass joint, and evaporated in this to dryness 
in an oven at 100°. The indicator present shows 
whether a further drop of alkali is needed to keep 
the residue alkaline. 

The oxidizing solution contains 8% HgCl,, 2% 
sodium acetate (C,H,0,Na+3H,O) and 2% acetic 
acid; 1 ml. of this is added to the dry residue in the 
test-tube. An ungreased ground stopper carrying 
a carefully greased stopcock is inserted and worked 
firmly home; a drop of water is used to seal the 
annulus and more is added should this evaporate 
during the heating. The tube is exhausted on a filter 
pump and kept on the pump for about a minute 
while being gently tapped; this removes all but a 
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trace of the CO, that will have been absorbed during 
the evaporation. With the tube evacuated, the 
stopcock is turned off and sealed with a drop of 
mercury. When the set of tubes has been prepared 
in this way it is half immersed in boiling water for 
20 min. There is some condensation in the cooler 
parts of the tube with consequent risk that some 
formic acid may escape oxidation, but the preci- 
pitate of calomel causes periodic bumping in the 
evacuated tube and so maintains complete mixing. 

For the transfer and measurement of the CO, the 
reagents of Van Slyke & Folch (1940) are used and 
their technique is followed closely in so far as it is 
relevant to this determination. The mercury is 
emptied from the open part of the test-tube stopcock 
and it is replaced by 2 drops of 70 % (v/v) sulphuric 
acid; when this runs into the reaction mixture it 
assists in the transfer of the CO,. 2ml. of 0-5n-NaOH 
is introduced into the chamber of the Van Slyke 
apparatus and its side tube is connected to the open 
part of the test-tube stopcock by a short piece of 
pressure tubing. Gaseous connexion is now made 
by opening the test-tube stopcock and then, after 
lowering the mercury and 0-5N-NaOH part of the 
way down the main chamber of the Van Slyke 
apparatus, opening the stopcock above the Van 
Slyke chamber. CO, is transferred by lowering and 
raising the mercury reservoir five times and shaking 
the test-tube while the reservoir is being lowered. 
After the fifth lowering the tap at the top of the 
Van Slyke chamber is closed and the entrapped gas 
is expelled. A further five excursions of the reservoir 
with the taps open as before completes the transfer 
of the CO,. 

The test-tube is now removed from the side arm 
of the Van Slyke apparatus which is sealed with 
mercury before proceeding to the de-aeration and 
liberation of the CO, by addition of lactic acid in 
the manner described by Van Slyke & Folch (1940). 
From the tables given in that paper | mg. of formic 
acid should give rise to 186 mm. pressure of CO, at 
20° and 2 ml. A long series of determinations carried 
out on known amounts of formic acid during the 
last 3 years has given results within 1 mm. of the 
expected value. The uncertainty is therefore less 
than 1% with 1 mg. quantities of formic acid, but 
rises to 5 or 10% with 0-1 mg. quantities. 


Specificity and behaviour of formyl compounds 


In this method only substances that steam distil 
from acid solution and that do not evaporate again 
from alkaline solution are exposed to oxidation by 
mercuric chloride and they affect the estimation 
only if they are oxidized to CO,. The specificity of 
the action has been thoroughly investigated by the 
authors quoted already. It is known that volatile 
or slightly volatile acids such as benzoic, lactic, 
laevulinic or salicylic do not interfere; pyruvic acid 
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reduces mercuric chloride but very little CO, is 
formed in the action. In the work for which this 
method was required, phenol was a probable con- 
stituent of the fluids being analyzed. Neither pure 
phenol nor the dark-coloured products that arise 
when neutral phenol solutions are exposed to light 
and air give any detectable CO, when tested in 
5 mg. quantities. They do, however, precipitate with 
the mercury reagent and would interfere if the 
gravimetric method of estimation were used. 
Formic acid not only occurs free in biological 
materials but N-formyl derivatives (Miles & Pirie, 
1939) and formyl esters (Gunde & Hilditch, 1938) 
have been found. It is well known that many 
carbohydrates slowly yield formic acid when heated 
with acids and this process may complicate the 
issue when formic acid is being derived by the acid 
hydrolysis of an incompletely fractionated material. 
Agar breaks down exceptionally readily in this way 
and so do the soluble materials derived from it by 
procedures used in the preparation of biological 
media. The latter are common contaminants of 
fractions separated from agar-grown bacteria. In 
Table 1 the effect of different periods of hydrolysis 
on the apparent formyl] content of agar and of the 
main antigen from Brucella abortus are compared. 
From this table it is clear that the conditions of 
hydrolysis that are needed to liberate 90% of the 
formic acid from the abortus antigen produce little 
formic acid from agar. The conditions are similar 
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Table 1. Influence of period for which hydrolysis is 
carried out on apparent formyl content of poly. 
saccharides 


Yield of formic acid 
(mg./100 mg. of material) 


Time of 
hydrolysis 
at 100° 
with 
n-H,SO, 
(min.) 
17 
30 
45 
60 
120 
240 


Soluble 
component 
of agar 


Brucella 
abortus 
antigen 


Agar Starch 


u 
_ 


0-97 
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to those necessary with the closely related Br. meli- 
tensis antigen (Miles & Pirie, 1939). Unless a formy] 
derivative should need much more vigorous hydro- 
lysis than this there should be no difficulty in dis. 
tinguishing between formic acid derived by hydro- 
lysis and that derived by the more general destruc- 
tion of a carbohydrate. 


SUMMARY 


1. A technique for the manometric estimation of 
the CO, produced by the oxidation of formic acid 
by mercuric chloride is described. It is suitable for 
1-0—0-1 mg. quantities. 

2. The rates of formation of formic acid from 
agar and Brucella abortus antigen are compared. 
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A previous paper (Holden, 1945) described a pH 
drift towards the acid side in minced tobacco leaves 
when the pH was raised to pH 8 by addition of 
NaOH, due mainly to the enzymic demethylation 
of pectin by pectase. The present paper concerns 
the extraction, some properties and the partial 
purification of tobacco leaf pectase and gives some 
account of the pectase distribution in the leaves of 
other species. Recent papers by Lineweaver & 
Ballou (1945) and MacDonnell, Jansen & Line- 
weaver (1945) have dealt with the effect of cations 
on the activity of alfalfa pectase and with the pro- 
perties of orange pectase. The results reported here 
on the extraction of tobacco pectase are similar to 
those obtained by the other workers for orange 
pectase, but the properties of the enzyme from 
various sources appear to differ to some extent. 


MATERIAL AND METHODS 


Leaves of Nicotiana tabacum var. White Burley from glass- 
house plants were used for most of the work and leaves of 
wild woody nightshade (Solanum dulcamara) when tobacco 
was not available. Other plants used are listed below. The 
leaves were minced twicc iu a domestic mincer and the sap 
squeezed out by hand through madapollam. The residue, 
referred to as fibre, was washed twice with a volume of 
distilled water approximately the same as that of the sap, 
and squeezed dry. Fibre that had been ground in a triple- 
roller mill as described by Bawden & Pirie (1944) is called 
milled fibre. The recorded weights of both these fibres are 
the wet weights after squeezing by hand, the material then 
containing about 75% of water. Measurements of pH were 
made with a glass electrode. 

Measurement of activity. The breakdown of pectin to 
pectic acid and methanol by pectase was followed by deter- 
mining the amount of methanol liberated. The substrate 
used was a solution of citrus pectin (British Drug Houses 
Ltd., 100 grade) with a moisture content of 10% and an 
ash content of 1-4%. The methoxyl content, on a moisture 
and ash-free basis, as determined by Zeisel’s method was 
54%. The pectin solution had a pH of 3-1 and was not 
neutralized until just before activity tests were carried out. 
The tests were made in phosphate buffer solution which 
minimized any pH drift. A sample, 0-1-1-0 ml. of the 
solution to be tested was added to the buffer-substrate 
which consisted of 5 ml. pectin solution (8 mg./ml.) +5 ml. 
0-2m-Na,HPO, previously adjusted to pH 8-0 with HCl. 
After 10 min., 1 ml. 2N-HCl was added to lower the pH 
and stop the reaction. Methanol was determined on a 5 ml. 
sample by the method previously described (Holden, 1945). 
It was necessary first to distil the sample in the Markham 
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steam distillation apparatus (Markham, 1942), for unless 
this was done the red colour developed differed from that 
of the standards; moreover, many of the samples to be 
tested were coloured. If there was any gel formation on 
the addition of acid the test was repeated using a smaller 
amount of enzyme solution as this indicated such extensive 
demethylation that the assay of the enzyme was no longer 
precise. The amount of methanol due to non-enzymic de- 
methylation at pH 8 in 10 min. was barely detectable. 

One unit of enzyme is defined as the amount which will 
liberate 32 mg. methanol from pectin in 1 min. in 0-1M- 
phosphate solution at pH 8 and 20°. Except for the tem- 
perature, the unit is the same as that used by Lineweaver 
et al. The purity of preparations is expressed as units per 
mg. dry weight of material precipitable with trichloroacetic 
acid. 


Preliminary observations on the preparation 
of the enzyme 


Extraction. It had been found previously that 
pectase could be obtained from the washed milled 
fibre of tobacco leaves by extraction at pH 8 either 
with NaOH or with phosphate solution, but that 
water extracts at pH 6, the natural pH of the fibre 
suspension, had little or no activity. A quantitative 
comparison was made of the activity of water, 5% 
NaCl extracts at pH 6, and of phosphate extracts 
at pH 6 and 8 using 10 g. portions of milled fibre. 
Table 1 shows that increase in the concentration of 
salt brings about extraction at pH 6, but that ex- 
traction at pH 8 is more effective. 


Table 1. Influence of salt and pH on extraction 
of pectase from tobacco fibre 


(Portions of milled fibre (10 g.) extracted with 80 ml. 
solution at 20° for 2 hr.) 


pH Extracting solution Activity units 
6 Water 0-015 
6 5% NaCl 0-60 
6 0-2m-Na,HPO, 0-55 
8 0-2m-Na,HPO, 0-78 


A comparison was made of the activity of suc- 
cessive extracts at pH 8 from 9-3 g. portions of 
milled fibre made both with NaOH and with 0-2M- 
Na,HPO, extractants and from 15 g. minced fibre 
in phosphate solution (9-3 g. milled fibre obtained 
from 15 g. minced fibre). The fibre was soaked in 
the extracting solution for 2 hr.; the NaOH ex- 
tracted portion was maintained at pH 8 by addition 
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of alkali at intervals. The results in Table 2 show 
that extraction with phosphate is more efficient 
than that with NaOH, due to the increased salt 
concentration. With milled fibre the first extract 





Table 2. Extraction of pectase from milled and 
minced fibre at pH 8 


(Portions of milled fibre (9-3g.) and the equivalent 
amount in minced fibre (15 g.) extracted with 80 ml. 
solution for 2 hr.) 

Activity units 








2 
Milled fibre Minced 

——" : fibre 

Extract NaOH Phosphate Phosphate 
1 0-14 0-58 0-29 
2 0-07 0-12 0-17 
3 0-03 0-07 0-07 
0-24 0-77 0-53 


has by far the highest activity, whereas with minced 
fibre the extraction is slower. About 70% of the 
amount of enzyme that can be obtained from milled 
fibre is extractable from minced fibre. It was there- 
fore found unnecessary to mill the fibre, which was 
an advantage since less time was needed for making 
a preparation. Minced-fibre extracts contain much 
less total protein than milled-fibre extracts so that 
the former enzyme preparations had a higher initial 
specific activity. 

Sap-soluble enzyme. The distribution of pectase 
between the sap and fibre was next investigated. It 
was found that in most batches of leaves only a 
small proportion (from 5 to 10 % of the total amount 
of enzyme) was present in the sap, but in two batches 
of leaves, to be considered later, over 25 % was sap- 
soluble. The comparatively low activity of the sap, 
combined with its high soluble protein content make 
it unsuitable as a source of enzyme. Sap that had 
been centrifuged to remove cell debris and chloro- 
plast material had an activity of 0-00016 unit/mg. 
dry weight, whereas a phosphate extract of fibre, 
before purification, had an activity more than 
twenty times this value. 

Ethanol and ammonium sulphate precipitation. 
Neuberg & Kobel (1927) and Mehlitz (1930) pre- 
cipitated pectase from the sap of tobacco and lucerne 
respectively by the addition of 2 vol. of ethanol. 
Ethanol precipitation of the enzyme from phosphate 
extracts resulted in complete loss of activity, al- 
though active preparations could be obtained from 
the sap in this way. 

The buffermg power of NaOH extracts is low so 
that when ammonium sulphate was added to pre- 
cipitate the protein the pectase was inactivated, due 
probably to the fall in pH. It was necessary to 
carry out ammonium sulphate precipitations at pH 


values above 7 in a well-buffered solution, and in 
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this respect phosphate extracts were satisfactory. 
Precipitation then caused no loss of activity. Frac- 
tional precipitation showed that all the activity was 
not precipitated until about 65% saturation was 
reached. When fractionation was attempted on a 
dilute extract (not more than 5 mg./ml. dry matter) 
less than 10 % of the activity was precipitated below 
45% saturation with ammonium sulphate. How- 
ever, with more concentrated solutions the enzyme 
was adsorbed on material coming out at a lower 
saturation and as much as 30% of the activity was 
precipitated below 35 % saturation with ammonium 
sulphate. Activity tests could not be carried out in 
the presence of large amounts of ammonium sul- 
phate as it had an inhibitory effect on the reaction, 
but the amount present in centrifuged precipitates 
from ammonium sulphate solutions was not suffi- 
cient to interfere seriously with the determinations. 


Method of preparation and partial purification 


Well-washed minced fibre was extracted three 
times with 0-2mM-phosphate solution at pH 8. The 
volumes of phosphate solution used were approxi- 
mately 3, 2 and 1 ml./g. fibre for the successive 
extracts. The fibre was soaked for about 15 min. 
for each extract, as it was found that less con- 
taminating material was extracted with short soak- 
ing. The pH drift due to demethylation of pectin 
was not prevented altogether with the volume of 
phosphate solution used and the combined extracts 
had a pH of about 7. These were centrifuged at 
3000 r.p.m. (1400 x gravity) for 15 min. and the 
deposit of starch and chloroplast material discarded. 
At this stage the activity varied between 0-003 and 
0-006 unit/mg. dry weight. The supernatant was 
usually a clear red-brown, but sometimes there was 
a considerable amount of green chromoprotein 
material that could not be spun out particularly 
when nightshade leaves were used. When this 
occurred, ammonium sulphate was added to 30% 
saturation and the precipitate obtained on centri- 
fuging discarded. Ammonium sulphate was then 
added to 65 % saturation and the solution with pre- 
cipitated protein was filtered with slight suction 
through diatomaceous earth (Hyflo supercel, Johns- 
Manville Co. Ltd., Artillery Row, London, 8.W. 1) 
on a Buchner funnel. Filtration was more satis- 
factory at this stage than centrifugation as the pre- 
cipitate tended to float. The precipitate was taken 
up in 0-2mM-phosphate solution at pH 6 in a volume 
about one-tenth that of the original extract. The 
activity was from 0-019 to 0-028 unit/mg. dry weight 
and the solution dark brown due to adsorption of 
coloured substances on the protein precipitate. 

When the pH was now lowered to about 4-6 by 
adding dilute HCl there was precipitation of some 
of the protein and the activity of the supernatant 
fluid was increased to over 0-062 unit/mg. The pH 
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of the solution was then raised to above 7 by the 
addition of Na,HPO, solution and saturated am- 
monium sulphate solution was added to 65 % satu- 
ration. The precipitate was filtered off, and taken 
up in phosphate solution at pH 6. The precipitation 
at pH 4-6 and subsequent salting-out was repeated 
twice. In the final ammonium sulphate precipitation 
the fraction below 45% saturation was discarded; 
that between 45 and 65% saturation was taken up 
in phosphate solution at pH 7 and kept in the 
refrigerator. The activity had increased to 0-109- 
0-125 unit/mg. dry weight (or 0-78—0-90 unit/mg. 
protein-N) and the yield was about 60 % of the units 
originally extracted. Much of the colour had been 
removed by repeated precipitation but the final 
solution was still light brown in colour. Phosphate 
extracts from tobacco and nightshade differed, in 
that the former had a larger amount of acid-pre- 
cipitable material and the latter more protein pre- 
cipitable at a lower concentration of ammonium 
sulphate. 

Adsorption and elution. Lineweaver & Ballou 
(1945) and MacDonnell et al. (1945) have reported 
that the pectase from alfalfa leaves and citrus peel 
was adsorbed from salt-free solutions on ‘Celite’ 
analytical filter-aid (Johns-Manville Co. Ltd.) and 
could be eluted with dilute salt solution. Phosphate 
extracts from fibre and purified concentrates of 
pectase were dialyzed for 18 hr. in cellophan sacs 
with frequent changes of water. When the pH value 
did not fall lower than 6 during dialysis there was 
only a small amount of precipitate in the sac and 
the loss of activity was less than 10%; but when 
the pH fell to about 5 there was then a larger 
amount of precipitate on which the enzyme was 
adsorbed and resulting in a large apparent loss of 
activity. Adsorption on and elution from ‘Celite’ 
analytical filter-aid was tested using both tobacco 
leaf and orange-peel pectase preparations. Unless 
adsorption was carried out at a slightly acid pH 
value only a small amount of enzyme was adsorbed. 
At pH 4:8 a purified dialyzed preparation of tobacco 
pectase gave a bulky precipitate containing most of 
the activity, although before dialysis the precipitate 
at this pH was insignificant. Adsorption at pH 5-3, 
which is higher than that at which precipitation 
takes place was, however, found to be possible. It 
was stated by Lineweaver & Ballou (1945) that 
pectase could be eluted with 0-2mM-NaCl. This was 
tested, using a preparation of orange-peel pectase 
and the results of an adsorption-elution cycle are 
given in Table 3. Elution with NaCl was not 


as effective as found by Lineweaver & Ballou; 
Na,HPO,, on the other hand, was considerably 
better, but one elution removed only 50% of the 
adsorbed enzyme. The adsorption and elution of an 
enzyme preparation from woody nightshade leaves 
which had not been previously acid precipitated 
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Table 3. Adsorption and elution of pectase 


(150 ml. dialyzed solution of orange-peel pectase at 
pH 48+500 mg. Celite. Washed with distilled water 


before elution. 
Activity % activity 


Solution units on Celite 
Dialyzed enzyme solution 0-49 — 
Filtrate from Celite 0-067 86 
Eluate 1: 10 ml. 0-9% NaCl 0-033 92 
Eluate 2: 10 ml. 0-9% NaCl 0-026 86 
Eluate 3: 10 ml. 0-2mM-Na,HPO, 0-22 34 
Eluate 4: 10 ml. 0-2m-Na,HPO, 0-07 18 
Eluate 5: 10 ml. 0-2mM-Na,HPO, 0-035 9 


resulted in an increase of activity from 0-026 to 
0-113 unit/mg. dry weight. A preparation which 
had been purified by acid precipitation had the 
activity increased from 0-055 to 0-122 unit/mg. by 
one adsorption and elution. Most of the colour was 
removed from enzyme solutions by adsorption and 
elution as it was not adsorbed on the Celite. 


Properties of the enzyme 
Fig. 1 shows the variation of activity with pH. 
Activity tests were carried out by adding buffer 
solutions of approximately the pH required to the 


Methanol (ug./10 min.) 








@ 


Fig. 1. Variation of pectase activity with pH. © 
citrate buffers; © ® phosphate buffers; + 
non-enzymic demethylation; © © values after sub- 
traction of non-enzymic values. 











pectin solution and measuring the final pH values. 
For pH values 4:3 to 6-2 citrate buffers were used 
and phosphate buffers for 6-2 and above. The final 
concentration of Na* in the solution was 0-09m for 
the phosphate buffers and varied between 0-08 and 
0-13 for the citrate. 1 ml. dialyzed enzyme solu- 
tion was added to each and the test carried out in 
the usual way. Values for non-enzymic demethyla- 
tion were obtained by carrying out activity tests 
without addition of enzyme. The whole of the solu- 
tion was distilled for methanol determination in- 
stead ofa 5 ml. sample. Below pH 4-5 no demethyla- 
tion occurred and the optimum for pectase activity 
was near pH 8. 
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The course of the demethylating reaction was 
followed by adding 1 ml. enzyme solution to each 
of a series of flasks containing buffer-substrate and 
stopping the reaction with HCl at definite intervals 
up to 18 min. For at least the first 10 min. the 
production of methanol followed a straight line 
relationship. In this time about 40% of the 
methanol had been split off, reducing the methoxyl 
content of the pectin to 3-2%. 

The variation of activity with substrate concen- 
tration is shown in Fig. 2. The tests were made in 
the usual way except that the more concentrated 
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Fig. 2. Variation of pectase activity 
with substrate concentration. 


pectin solutions were neutralized with NaOH before 
addition of the 0-2m-phosphate solution. The per- 
centage concentration of pectin which gives half 
the maximum velocity of hydrolysis was found to 
be 0-09. 

A linear relationship (Fig. 3) was found between 
the amount of methanol liberated and amount of 
enzyme solution. Fig. 4 gives the results of an 
experiment on the variation of activity with tem- 
perature. Substrate and buffer in separate flasks 
were brought to the temperature at which the test 
was to be carried out, mixed, and enzyme solution 
added. Controls without enzyme were set up at the 
higher temperatures to correct for non-enzymic 
demethylation. The optimum temperature for pec- 
tase activity is at 55°. Non-enzymic demethylation 
was not appreciable until 50°. The temperature 
coefficient Q,) between 20 and 30° is 1-41; 30 to 40°, 
1-50; and 40 to 50°, 1-41. 

Stability. The effect of pH on the stability of 
pectase is shown in Fig. 5. A dialyzed enzyme pre- 
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ig Variation of activity with pectase concentration. 
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Fig. 4. Variation of activity with temperature. @——® 


total methanol; x x non-enzymic demethylation; 
© © values after subtraction of non-enzymic values. 
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Fig. 5. Effect of pH on stability of pectase. «——*x 
citrate buffers; + + phosphate buffers. Activity at 


pH 8 determined after 5 hr. at the given pH. 
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paration was diluted tenfold with citrate and phos- 
phate buffers at various pH values and the activity 
at pH 8 determined after 5 hr. Between pH 5 and 3 
some activity, and at pH 2 all activity was lost. 
There was precipitation of protein between pH 3 
and 5, though not at pH 2, and solutions were 
centrifuged before determining the activity. Some 
activity was found to be associated with the pre- 
cipitate so the loss is not as great as would at first 
appear. When plotting the curve this activity has 
been added to that of the solution. 

The effect of temperature on the stability was 
determined by keeping enzyme preparations in 
phosphate buffer of pH 8 at 70, 80 and 91° for 5 min., 
cooling and determining the activity at 20°. At 
70°, 30% of the activity was lost and at 80° there 
was complete inactivation. 

Enzyme preparations kept at 4° in phosphate 
solutions with pH values from 6 to 8 gradually lost 
activity. With some concentrates the loss was much 
more rapid than with others, but one concentrate 
after a small initial loss in activity remained stable 
for 3 months. Loss of activity was much more rapid 
at room temperature (20°), 50% or more being lost 
in 1 week. Dialyzed solutions lost activity at room 
temperature more rapidly than when salt was 
present. It was not possible to increase the specific 
activity of preparations that had lost activity on 
keeping by refractionation with ammonium sul- 
phate. 

High-speed centrifugation. When purified enzyme 
preparations with activities of more than 0-1 unit/ 
mg. were spun at 40,000 r.p.m. (90,000 gravity) 
there was no pellet and the bottom layer of solution 
had an activity per ml. only about 20 % higher than 
the rest of the solution. Partially purified prepara- 
tions with activities 0-025—0-04 unit/mg. when spun 
at this speed gave a pellet consisting partly of in- 
soluble material and some soluble which had pectase 
activity. Above the pellet was a layer with an 
activity per ml. twice as high as the rest of the 
solution above, but the specific activities did not 
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differ greatly. In the less purified preparations the 
enzyme was undoubtedly being partially sedimented 
due to adsorption on material of higher molecular 
weight. 


Pectase distribution in various species 


Table 4 gives values for the pectase activity of 
the leaves of a number of plants, and also of citrus 
peel for comparison. There is considerable variation 
in the total pectase content and in the relative 
amounts present in the sap and fibre. Members of 
the Solanaceae have high pectase contents. The 
activity of tobacco fibre from different batches of 
leaves varied between 0-047 and 0-09 unit/g. fibre. 
The pectase content on a dry weight basis of young 
tobacco leaves and old leaves which had turned 
yellow was not significantly different from that of 
the large green leaves usually used, when the plants 
were grown under the same conditions. 

The plants listed in the table were of unknown 
manurial history and it was not known how the 
pectase content was influenced by manurial treat- 
ment. Advantage was taken to use an experiment 
in which tobacco plants infected with potato virus Y 
were grown with different amounts and combina- 
tions of N, P and K. Infection with potato virus Y 
does not cause gross lesions and the plants in the 
well-manured groups were large and healthy looking. 
The leaves of each group treated separately were 
minced and washed as usual. Pectase determina- 
tions were made on samples of the sap plus wash- 
liquors and on the phosphate extracts of the fibres. 
Dry weight and N determinations were made on 
both fractions. The total amount of pectase in the 
leaves of the group which had N, P and K was 
fifteen times the amount in the control group. The 
activity per g. dry weight associated with the fibre 
was highest in the groups given nitrogen and varied 
with the N content of the fibre. In the groups given 
N and P the proportion of enzyme in the sap was 


about 30% compared with about 5% in all the 


Table 4. Pectase distribution in various plant species 


Plant 


Nightshade (Solanum dulcamara) 
Tomato (Lycopersicum esculentum) 
Potato (Solanum tuberosum) 
Elder (Sambucus nigra) 
*Peppermint (Mentha piperata) 
Melilot (Melilotus altissima) 
*Clematis (Clematis jackmanni) 
White bryony (Bryonia dioica) 
Beaked parsley (Chaerophyllum sylvestre) 
*Rhubarb (Rheum raponticum) 
Lemon peel (flavedo + albedo) 
Orange peel (flavedo + albedo) 


Total 
activity Activity units/g. 
Sap in sap —_—_ 

(pH) (%) Fibre Leaf 
5-6 9 0-060 0-024 
6-0 33 0-063 0-023 
6-2 16 0-069 0-015 
6-3 8 0-050 0-016 
6-3 17 0-005 0-0016 
8-6 43 0-016 0-014 
4:8 9 0-009 0-006 
6-3 16 0-022 0-011 
5-6 9 0-026 0-010 
4:3 15 0-007 0-0034 


0-062 unit/g. peel 
0-073 unit/g. peel 


* Represents a single determination only. For the remainder the value is typical of a number of determinations. 
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other groups. The influence of manurial treatment 
on pectase content will be reported in more detail 
later. 


DISCUSSION 


Lineweaver et al. made their activity determinations 
at 30° so that all the values given here have to be 
increased by 40% to make them comparable with 
theirs. Their preparations with a specific activity of 
2-5 units/mg. protein N have an activity about 
twice that of the most active preparations obtained 
in the present investigation. Adsorption on and 
elution from Celite did not result in such a large 
increase in specific activity as found by these 
workers, which may be due to the presence of a 
different type of impurity. 

The pH optimum for tobacco pectase given by 
Kertesz (1936) was at about 6-5, but no attempt 
was made to keep the pH constant so the value is 
probably in error. The values he obtained for non- 
enzymic demethylation were higher than those ob- 
tained here. Lineweaver et al. have shown that the 
relationship between activity, pH and salt concen- 
tration is so complex that for any optimal pH value 
the experimental conditions must be defined. It 
would appear that tobacco pectase is less heat- 
sensitive than orange-peel pectase, as a temperature 
of 80° is needed to destroy all its activity, whereas 
orange-peel pectase is destroyed at 45—50°. 

The pectase content of tobacco leaves was in- 
fluenced by the manurial treatment of the plants 
with nitrogen and phosphorus but not appreciably 
by potassium. In all the groups except those given 
both N and P (these having the highest pectase 
contents), the percentage of the enzyme which was 
sap-soluble was low; nitrogen alone did not increase 
the proportion of sap-soluble enzyme but greatly 
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increased the amount associated with the fibre. The 
values given for the pectase content of the various 
species might have differed had the plants been 
grown under different conditions. However, it is 
clear that members of the Solanaceae have high 
pectase contents, and that tobacco leaf fibre is as 
good a source of the enzyme as citrus peel. The high 
percentage of sap-soluble pectase and the abnor- 
mally high pH of the sap of melilot are noteworthy. 


SUMMARY 


1. Pectase activity was determined by esti- 
mating the amount of methanol liberated from 
pectin under standard conditions. 

2. The sap of tobacco leaves contains only a small 
proportion of the total pectase present, most being 
associated with the fibre. 

3. Extraction of the enzyme is influenced by salt 
concentration and pH. The enzyme in the extract 
could be concentrated by precipitation with am- 
monium sulphate at 65% saturation from a buffer 
solution of pH & 7, but not with ethanol. An 
increase in specific activity of enzyme preparations 
was obtained by removal of the protein precipitated 
at pH 4-6 in the presence of salt. The adsorption 
of pectase on Celite from salt-free solution was con- 
firmed, and elution with 0-2mM-Na,HPO, was more 
effective than with NaCl. 

4. The optimum conditions for enzyme activity 
were found to be pH 8 and 55°. Acidification to 
pH 3 and heating to 80° destroyed the enzyme. 

5. The pectase content of tobacco leaves was 
influenced by manurial treatment. The distribution 
in the leaves of ten other species is given. 


I wish to thank the Agricultural Research Council for 
a grant. 
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The Skin Protease Inhibitory Factor of Plasma 


By ANNE BELOFF, Department of Biochemistry, Oxford 


(Received 25 October 1945) 


This work arose from the observations made (Beloff 
& Peters, 1944; 1945 a, b) on the influence of mode- 
rate-temperature burns upon a protease of skin. 
This paper describes the method used for estimating 
the inhibitory activity of plasma on the skin proteo- 


lytic system, and the properties and nature of this 
inhibitory factor. The application of these obser- 
vations to the previous work on thermal burns 
will be described separately (Beloff & Peters, 
19456). 
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From work previously mentioned and from some 
of the experiments described below, there was evi- 
dence that the proteolytic system of the skin has 
probably at least two components, a ‘peptidase’ 
and a ‘proteinase’, therefore in the following text 
the term ‘protease’ is used to include any proteo- 
lytic enzymes active in the skin extracts. As a 
convenient abbreviation the skin protease inhibitory 
factor is referred to throughout as 1.F. 

Historical. Extensive work has been done on the 
anti-tryptic factor of the blood, leading to a variety 
of theories as to the nature of this substance. An 
early view (Landsteiner, 1900) that the anti-tryptic 
factor was a property of the albumin fraction seems 
not to have been considered lately. Grob (1943) 
gives an account of the different views which have 
been advanced on this subject. He himself identifies 
the anti-tryptic factor of plasma as a polypeptide. 

Northrop & Kunitz (1935-6) prepared a crystal- 
line trypsin inhibitor from beef pancreas, and 
showed this substance to be a polypeptide. Schmitz 
(1938) described a method of obtaining a crystalline 
trypsin inhibitor from ox blood, which appeared to 
be identical with the pancreas trypsin inhibitor of 
Northrop & Kunitz. 

In view of the convincing evidence for the poly- 
peptide theory of the anti-tryptic factor, it was 
anticipated at the beginning of the following work, 
that the skin protease inhibitory factor (1.F.) of 
plasma would be a polypeptide. During the course 
of the work, however, it became evident that there 
are certain fundamental differences between the 
‘skin protease’ inhibitor and the ‘anti-tryptic 
factor’; the 1.F. appears to be a protein associated 
with the serum albumin fraction. 


EXPERIMENTAL 


Preparation of plasma. Rat and human plasma were used 
for this work, the source being stated for each experiment 
in the tables of results given below. The rat plasma was 
obtained by centrifuging the oxalated blood of one or two 
rats, collected by decapitation of the animals. Human 
plasma was obtained from citrated blood. Plasma stored in 
the cold for several weeks with toluene as preservative 
retained its inhibitory activity. 

In experiments where the inhibitory action of plasma on 
the skin protease was tested, the inhibitor concentration 
(or other properties described) are referred to below as 
‘plasma concentration’, etc.; where a separation of the 
inhibitor from the plasma was attempted, the preparations 
tested are referred to as ‘inhibitor preparations’. 

Method of estimating inhibitory action of plasma. The 
inhibitory effect on the skin protease activity was estimated 
by the following procedure, unless otherwise stated. A given 
volume of plasma or ‘inhibitor preparation’ was incubated 
for 30 min. at 38° with 5 ml. of an extract of ‘acetone-dried’ 
rat skin. The proteolytic activity of the protease was esti- 
mated by measuring the increase in amino-nitrogen on 
digestion of casein. For the method of preparation of the 
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enzyme solution and of the measurement of the proteolytic 
activity, see Beloff & Peters (1945a). In the ‘controls’ the 
1.F. was replaced by an equal volume of distilled water. 
The concentration of plasma is expressed as ml. of plasma/ 
ml. of protease. Where an ‘inhibitor preparation’ was used, 
the concentration is given as the equivalent concentration 
of plasma, i.e. the volume of plasma from which it was 
prepared. 

. The results given in the tables below are expressed as 
increase in amino-N (non-precipitable by trichloroacetic 
acid), produced by incubation of the enzyme preparation 
with 05% casein at 38° at pH 6-9+0-1). The period of 
digestion is expressed as ‘time of incubation’. The ‘per- 
centage inhibition’ is calculated in each case from the 
percentage decrease in the enzyme activity (i.e. the amino-N 
liberated), after the action of the 1.F., as compared with the 
activity of the control. The results are given to the nearest 
1%- 


Inhibition (%) 





0-08 0-12 0-16 0-20 


0 0-04 


MI. plasma/ml. extract of skin protease 


Fig. 1. The inhibitory effect of human plasma on the skin 
protease extracts (2 exps.). 


Several experiments with rat and human plasma 
were carried out in which varying concentrations 


. of plasma were added to a constant concentration 


of the protease. Fig. 1 gives the results of two such 
experiments with human plasma. (The inhibitory 
activity of human plasma on human skin protease 
was also tested, and a similar result obtained.) All 
these experiments showed that small amounts of 
rat and human plasma exert a powerful inhibitory 
effect on the skin protease. A maximum inhibition 
is produced at a concentration of approximately 
0-03 ml. of plasma/ml. of protease. Increasing the 
concentration of the inhibitor does not completely 
abolish proteolytic activity. This fact was observed 
throughout the work and may be explained by the 
presence of a second protease which is insensitive 
to the 1.¥. The maximum percentage inhibition 
varied with different preparations of the enzyme 
and different specimens of plasma; in most experi- 
ments it was between 70 and 80%. 
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Effect of casein on the inhibitory action of plasma. 
In one experiment plasma was added to a mixture 
of the enzyme preparation and casein, with omission 
of the initial 30 min. period of incubation. The 
activity of the protease was then compared with 
that of a sample which had been treated with plasma 
in the usual way before the addition of casein. The 
results (Table 1) indicate that the casein does to 
some extent interfere with the action of the inhibitor 
on the enzyme, as would be expected if the protein 
molecule competes with the inhibitor in combining 
with the protease. 


Table 1. The effect of initial addition of casein on the 
inhibition of the skin protease by human plasma 


(Proteolysis of casein for 14 hr. Concentration of 


plasma =0-05 ml./ml. protease.) 


Inhibi- 
Increase tion of 
in proteo- 
Addition to mixture of casein amino-N lysis 
and skin protease (mg.) (%) 
None 0-400 _ 
Plasma (initially incubated without 0-060 85 
casein) 
Plasma (added to mixture of enzyme _ 0-192 52 


+casein before incubation) 


Effect of plasma on the rate of skin protease digestion 
of casein. The rate of digestion of casein by (a) 5 ml. 


0-60 


0-50 


0-40 


0-30 


0-20 


0-10 


Increase in amino-N (mg.) in digestion filtrate 





Period of digestion (hr.) 
ig. 2. The effect of plasma on the rate of digestion of 
casein by the skin protease. 


of skin protease and (b) 5 ml. of skin protease pre- 
viously incubated for 30 min. with rat plasma 
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(0-05 ml./ml. protease), was estimated over a period 
of 3 hr. The increase in amino-N was estimated after 
1, 2 and 3 hr. The results are illustrated graphically 
in Fig. 2. 

The control and the inhibited enzyme preparation 
showed a steady increase in the amino-N liberated 
in the first 2 hr., and there was a slight decrease in 
the rate of digestion in the third hour. The per- 
centage inhibition for each of these values was 
approximately 70%, probably the maximum inhi- 
bition which could be obtained with these skin 
extracts. 

Action of plasma on varying amounts of the enzyme. 
A constant concentration of the 1.F. (0-02 ml. human 
plasma/ml. of protease) was added to varying con- 
centrations of the enzyme preparation. The enzyme 
was prepared by extracting ‘acetone dried’ skin 
twice; 1, 2-5 or 5 ml. of this preparation were used, 


1-00 
0°80 
0-60 
0-40 


0-20 


Increase in amino-N (mg.) in digestion filtrate 





50 


3-0 


0 1-0 2:0 4-0 
Ml. extract/5 ml. enzyme solution 


Fig. 3. The inhibitory effect of plasma on varying concen- 
trations of the skin protease. 


and diluted, where necessary, to a total of 5 ml. 
with phosphate buffer containing 5% KCl (so that 
digestion was carried out in the presence of a con- 
stant concentration of salt). The inhibitory action 
of plasma was tested by the usual method. From 
the results, given in Fig. 3, it appears that maximum 
inhibition is obtained with the low concentration 
of enzyme, but when the latter is only partly inacti- 
vated, the decrease in the liberated amino-N due to 
the presence of the inhibitor is constant and inde- 
pendent of the total enzyme activity, within the 
experimental error. 

The simplest explanation of these results is that 
there is a stoichiometric reaction between the 
enzyme and the 1.r. This would also explain the 
results of experiments described above in which 
varying concentrations of plasma were added to a 
constant concentration of the protease (see Fig. 1). 
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Thermal stability. Samples of plasma were diluted 
ten times in order to prevent coagulation by heating. 
Samples (2-5 ml.) of the diluted plasma were heated 
for 2, 5 and 10 min. periods at 60-80°. They were 
then cooled rapidly in ice-water and the inhibitory 
activity on 5 ml. of skin extract tested by the normal 
method. The inhibitory effect of unheated diluted 
plasma was estimated as a control. 

The concentration of the 1.F. corresponded to 
0-05 ml. plasma/ml. of protease. The results (Table 2) 
show that the 1.F. in human plasma is very little 
affected by heating at 60° for 10 min., but shows 
considerable instability at 65°, being completely 
inactivated by 10 min. exposure to this temperature. 
Complete inactivation of the 1.F. occurs at 70° in 
5 min. 

Table 2. The thermal stability of the 
protease inhibitor in human plasma 


(Plasma heated at 60-80° for 2, 5 and 10 min. periods. 
Proteolysis of casein for 2 hr.) 
Inhibi- 
tion of 


Time of Increase in proteo- 


Exp. Temperature heating amino-N lysis 
no. (°C.) (min.) (mg.) (%) 
1 Control a 0-510 —_ 

(no plasma) 

Unheated -- 0-170 67 
70 2 0-234 54 
70 5 0-500 — 
80 2 0-405 20 
80 5 0-500 —_— 
2 Control — 0-476 -- 

(no plasma) i 
Unheated — 0-112 76 
60 2 0-117 75 
60 5 0-139 71 
60 10 0-171 64 
65 2 0-225 53 
65 5 0-382 20 
65 10 0-460 ~ 


Effect of dialysis. There was no loss in the inhi- 
bitory activity of the plasma by 4-5 hr. dialysis 
against 1% NaCl, carried out at 1°. 

The effect of precipitation of plasma proteins with 
trichloroacetic acid. It has frequently been demon- 
strated that the anti-tryptic factor of plasma is not 
precipitated or destroyed by trichloroacetic acid, 
and can be separated from the enzyme in this way 
(ef. Iyengar, Schra & Mukerji, 1942). A similar 
investigation was applied to the work on the 1.¥. in 
rat and human plasma. These experiments showed 
that there was some loss in the inhibitory activity 
of the plasma by treatment with trichloroacetic 
acid, but most of the activity was present in the 
protein precipitate. This was the first suggestion 
that the skin protease inhibitor is not the same 
substance as the anti-tryptic factor. 

The following method was used in these experi- 
ments: 1-5 ml. of 5 % trichloroacetic acid was added 
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to an equal volume of rat or human plasma, and the 
mixture was centrifuged. The filtrate was neutral- 
ized and diluted to an exact known volume, the 
protein was dissolved, neutralized, and similarly 
diluted. The inhibitory action of these preparations 
was estimated by the usual method. Table 3 gives 
the results of one experiment carried out with human 
plasma; similar results to this were obtained in five 
experiments with both rat and human plasma. 


Table 3. Precipitation of the 1.¥. with 
2-5 % trichloroacetic acid 


(Proteolysis of casein: 2 hr.) 


Inhibi- 
Cone. of Increase tion of 
inhibitor in proteo- 
Inhibitor (ml. plasma/ amino-N lysis 
preparation ml. extract) (mg.) %) 
Nil — 0-355 — 
Human plasma 0-02 0-125 65 
0-1 0-050 86 
0-2 0-045 87 
Trichloroacetic acid 0-02 0-215 39 
precipitate 0-1 0-035 91 
0-2 0-035 91 
Trichloroacetic acid 0-02 0-320 10 
filtrate 0-1 0-324 8 
0-2 0-325 8 


When trichloroacetic acid precipitation was ap- 
plied to a mixture of enzyme and plasma (in order 
to find whether an active preparation of the inhi- 
bitor could be separated after combination with the 
enzymes) the results were variable and in most cases 
there was very little of the active 1.F. in these 
precipitates. 

The action of the pancreas trypsin inhibitor on the 
skin protease. In order to substantiate further the 
conclusion that the trypsin inhibitor and the skin 
protease inhibitor are two separate factors in the 
plasma, the action of the pancreas trypsin inhibitor 
was studied. 

Following through the first stages of the prepara- 
tion described by Northrop & Kunitz (1935-6), the 
precipitate of crude chymtrypsinogen, trypsinogen 
and inhibitor was obtained. A solution containing 
the inhibitor was prepared by dissolving some of the 
‘crude preparation’ in distilled water and then pre- 
cipitating the protein with 5% trichloroacetic acid ; 
the inhibitor remains in the protein-free filtrate. In 
three experiments it was demonstrated that prepara- 
tions which produced 55-70% inactivation of the 
proteolytic activity of crystalline trypsin produced 
no appreciable inactivation of the skin protease. 

Effect of extraction of plasma with chloroform. It 
has frequently been suggested that the anti-tryptic 
factor in blood is a lipid (Schwarz, 1909; Bauer, 
1910; Jobling & Petersen, 1914). This concept arose 
from observations that the plasma trypsin inhibitor 
could be removed from the plasma with such fat 
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solvents as chloroform or ether. Schwarz stated 
that a recombination of ether and water fractions 
would restore the original anti-trypsin activity ; this 
has been recently established by Ongar (private 


communication). 
Table 4. Action of chloroform on the 1.¥. 


(Concentration of plasma=0-1 ml./ml. of protease. 


Proteolysis of casein 14 hr.) ne 
: Inhibi- 
Increase _ tion of 
in proteo- 
Exp. Inhibitor amino-N lysis 
no. preparation (mg.) (%) 
1 Nil 0-324 — 
Plasma 0-080 75 
Chloroform-treated plasma 0-260 20 
2 Nil 0-184 — 
Plasma 0-056 70 
Chloroform-treated plasma 0-200 — 
3 Nil 0-456 — 
Plasma 0-112 75 
Chloroform-treated plasma 0-452 — 


The results of three experiments (Table 4) show 
the effect of chloroform on the 1.F. in plasma. The 
following method was applied: 5ml. of human 
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plasma were incubated for 1 hr. at 38° with 10 ml, 
of chloroform, and the mixture was frequently 
shaken. The plasma was then pipetted off from the 
chloroform, and the inhibitory activity on the skin 
protease was compared with that of untreated 
plasma. These results show clearly that the 1.r. in 
plasma is either removed or destroyed by the action 
of chloroform; but the interpretation that the Lr, 
is a lipoid substance is not consistent with experi- 
ments described later, and is further discussed 
below. 

Following on these experiments it was found that 
the action of chloroform did not break up the 
enzyme-inhibitor complex. Thus after inactivation 
of the skin protease with plasma, treatment with 
chloroform did not restore the enzyme activity. 

Some further observations on the plasma inhibitor, 
(a) In one experiment the plasma protein was 
coagulated by heating plasma for 3 min. at 65-70° 
at pH 5. After this treatment very little inhibitory 
activity remained either in the protein or in the 
protein-free filtrate. (b) The activity of the Lv. is 
completely destroyed by precipitation of the plasma 
proteins with ice-cold acetone. (c) The 1.¥. is not 


Table 5. Fractionation of plasma proteins with ammonium sulphate (see Table 6) 


A. (Experiments 1, 2 and 3) 
Plasma (Pl) 
| Saturation with (NH,),SO, 


} 


B. (Experiments 4 and 5) 
Plasma (PI) 
50% saturation with (NH,)S0, 


y : Y 
Total plasma protein Globulin Filtrate 
| : : precipitate 
Dissolved and dialyzed (neglected) 20% acetic acid 
Yy 
Protein solution —+pH 48 
| 
50% saturation with (NH,).SO, 70%, saturation with 
7 . Etna (NH,),SO, 
‘ Y. -: 
Globulin Albumin Albumin 
precipitate filtrate precipitate 
vy 
Dissolved, dialyzed Albumin Saturation with (NH,),SO, Dissolved, neutralized 
| precipitate and dialyzed 


Globulin solution (Gl) | 


v 
Albumin solution (Al) 
| 2% acetic acid 


—>pH 6 


Dissolved, dialyzed 





Albumin solution (Al) 


60% saturation with (NH,),SO, 


| 


Albumin filtrate 
| 
| Neutralized, 
and dialyzed 


v 
Albumin precipitate 
| 


Neutralized, 
| dissolved and 
dialyzed 
vy 
Reprecipitated albumin Albumin solution (Al,) 
solution (Al;) 
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adsorbed by alumina C,, in the range of pH from 
5 to 8, nor is it adsorbed by charcoal in the range 
of pH from 5 to 9. 

The general behaviour of the 1.F. suggests that 
this substance is a protein, and the plasma proteins 
were therefore fractionated with salts to find in 
which fraction the inhibitor occurs and if a purer 
preparation of the latter could be obtained. 

Experiments have been carried out both with 
human plasma and horse serum. 


Fractionation of the plasma proteins for the 
separation of the inhibitor 


Precipitation of globulin fraction of human plasma 
with sodium chloride. The globulin was precipitated 
from plasma by saturation with finely powdered 
sodium chloride. It was found that the inhibitory 


Table 6. Identification of the 1.¥. in the fractionation 
of plasma protein with ammonium sulphate 


(Concentration of inhibitor expressed as ml. of plasma 
from which the inhibitor preparation was separated/ml. 
of extract. Abbreviations: Pl= plasma; Gl=globulin frac- 
tion; Al=albumin fraction; Al,=albumin reprecipitated 
at pH 6; Al, =filtrate from Al,. Proteolysis of casein for 
1} hr.) 





Inhibitor Cone. of Inhibi- 
prepara- _ inhibitor tion of 
tion ml. plasma/ Increase in _ proteo- 
Exp. (see ml. pro- amino-N lysis 
no. Table 5) tease (mg.) (%) 
1 Nil — 0-360 = 
Pl 0-02 0-112 69 
Pl 0-1 0-076 79 
Gl 0-02 0-360 
Al 0-02 0-160 55 
Al 0-1 0-064 82 
2 Nil - 0-324 -— 
Pl 0-01 0-104 68 
Pl 0-02 0-068 79 
Pl 0-1 0-056 83 
Al 0-01 0-146 55 
Al 0-02 0-092 77 
Al 0-1 0-060 81 
3 Nil - 0-360 = 
Pl 0-02 0-056 84 
Al 0-02 0-084 72 
Al, 0-02 0-244 32 
Al, 0-02 0-248 31 
4 Nil — 0-328 = 
Pl 0-01 0-156 ot 
Pl 0-02 0-100 69 
Pl 0-1 0-098 70 
Al 0-01 0-256 22 
Al 0-02 0-152 54 
Al 0-1 0-104 68 
5 Nil -- 0-272 — 
Pl 0-02 0-056 79 
Pl 0-04 0-056 79 
Al 0-02 0-104 62 
Al 0-04 0-052 81 


SKIN PROTEASE INHIBITORY FACTOR 


113 


activity of the globulin was very low, and the 
greater part remained in the filtrate. 

Fractionation of human plasma proteins with am- 
monium sulphate. The two methods of fractionation 
used are illustrated in Table 5. The inhibitory ac- 
tivity of the fractions (underlined in the diagram) 
were tested in the usual way (see Table 6). In each 
case dialysis was carried out in small tubes of 
collodion membrane against 1% NaCl, to remove 
the ammonium sulphate. These experiments showed 
that the 1.¥. is precipitated in the active state in the 
albumin fraction. There may be slight loss in the 
inhibitory activity during the fractionation. 

Fractionation of human serum albumin for the 
separation of the inhibitor. An attempt was now 
made to refractionate the albumin for the inhibitory 
activity. For these experiments fresh human blood 
was allowed to clot overnight and the serum col- 
lected on the following day. The method of frac- 
tionation is given in Table 7. 

The inhibition of the skin protease activity pro- 
duced by fractions A, B, C and C, was observed. 
The organic-N content of these fractions was esti- 
mated by precipitation of the protein with trichloro- 
acetic acid and estimation of the nitrogen by the 
micro-Kjeldahl technique. The results which are 
illustrated in Fig. 4 support the identification of 
the inhibitor as a protein, and indicate that the most 
soluble fractions C and C, are purified preparations 
of the inhibitor. 

In the above experiments with human plasma the 
fractions tested were amorphous protein precipi- 
tates. By a similar fractionation of horse serum it 
was shown that crystalline albumin fractions had a 
negligible inhibitory activity, and the I.F. was asso- 
ciated with the most soluble fraction of the albumin, 
which did not separate in the crystalline state. These 
experiments gave conclusive evidence that the inhi- 
bitory activity is not a property of the total albumin. 

Separation of the plasma inhibitor from the skin 
protease. The method of ammonium sulphate pre- 
cipitation was applied to the problem of separating 
the 1.F. from the enzyme. The following method was 
adopted: 

Tubes were set up containing (a) 25 ml. of skin 
protease + 1 ml. of plasma; (b) 25 ml. of phosphate 
buffer containing 5% KCl+I1ml. plasma and 
(c) 25 ml. of skin protease+1 ml. water and were 
incubated for 30 min. at 38°. To each of these three 
tubes 25 ml. of saturated ammonium sulphate were 
added and the globulin filtered off. The filtrates were 
adjusted to pH 4-8 with N-acetic acid and the 
albumin precipitated with ammonium sulphate. 
The protein fractions were dissolved in distilled 
water and dialyzed. The inhibitory activity of each 
was tested on 5 ml. of a preparation of skin protease 
(from ‘acetone-dried skin’). The concentration of 
the ‘inhibitor preparations’ added, corresponded 
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Table 7. Fractionation of serum proteins with ammonium sulphate (see Fig. 4) 
Human blood | 
Serum 
(NH,),SO, 
50% saturation 
ss 








Globulin precipitate (neglected) 


a 
v 
Albumin 
precipitate 


Dissolved, neutralized 
| and dialyzed 


v 
Fraction B 


Albumin precipitate 





) dialyzed 
Albumin ———— Fraction A 
filtrate 


N-acetic acid 





| - pH 4-2; 3 hr. at 1° 


Filtrate , 
| 
| | 
Neutralized and 


Add n-acetic acid dialyzed for 


(NH,),SO, added for complete 
precipitation of protein 


Fraction C 


Dissolved, neutralized 
and dialyzed 


Fraction C, 


to 0-04 ml. of plasma/ml. of protease. The results 
are given in Table 8. In Exps. 3 and 4 only the 
albumin fraction was tested. 


Inhibition (%) 





0 0-4 


0-8 1-2 16 2024 


Organic N (mg.) in inhibitor preparation 


Fig. 4. The inhibitory action of protein fractions of human 


plasma on the skin protease. 


DISCUSSION 
The skin protease plasma inhibitor has not yet been 
prepared as a crystalline substance, but there is 
strong evidence that it is either a protein or that 
protein is necessary for its activity. This is supported 
by the precipitation of the 1.¥. with trichloroacetic 
acid, its failure to dialyze, its instability at tem- 
peratures above 60° and the inhibitory activity of 





plasma protein fractions precipitated with am- 
monium sulphate. Fractionation of human and 
horse serum proved that the inhibitory activity is 
not a property of the total albumin. 

The work described above demonstrates that the 
LF. can be distinguished from the plasma anti- 
trypsin in several respects. First, precipitation of 
the plasma protein with trichloroacetic acid shows 
that the 1.¥. is associated with the precipitated 
protein, whereas the trypsin inhibitor remains in 
the filtrate. Secondly, the pancreas trypsin inhi- 
bitor has no effect on the skin protease. Finally, 
Grob (1943) observed that the anti-tryptic activity 
of serum was destroyed by heating the latter for | 
10 min. at 60°, the 1.F. being therefore less heat- 
stable. 

As was previously mentioned the action of chloro- 
form on the inhibitory activity of plasma could be 
interpreted as due to the lipid nature of the Lf. 
The work of Kendall (1941) on the crystallization of | 
serum albumin is relevant to this question. He | 
observed that on separating crystalline albumin § 
into two fractions the less soluble fraction contained | 
a higher lipid content. Therefore, if the 1.F. is a lipid, 
it would be expected that the first fraction of | 
crystalline horse serum would exhibit high anti- | 
proteolytic activity; this as mentioned above was 
not the case. Kendall also found that the lipid could 
be completely extracted after first denaturing the 
protein, and showed that the colour of the serum 
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Table 8. Separation of the 1.¥. from protease by pre- 
cipitation of the albumin fraction with ammonium 
sulphate at pH 4:8 
(Proteolysis of casein for 14 hr. by 5 ml. of skin protease 

extract (in the absence and presence of the inhibitor pre- 

parations).) 


Inhibi- 
tion of 
Increase proteo- 
in lytic 
Exp. amino-N activity 
no. Inhibitor preparation (mg.) (%) 
1 None 0-280 — 
Globulin fraction 
(a) from plasma 0-256 12 
(6) from protease + plasma 0-250 12 
(c) from protease 0-292 — 
Albumin fraction 
(a) from plasma 0-068 76 
(b) from protease + plasma 0-112 60 
(c) from protease 0-236 15 
2 None 0-332 _— 
Globulin fraction 
(a) from plasma 0-292 12 
(6) from protease + plasma 0-316 5 
(c) from protease 0-292 12 
Albumin fraction 
(a) from plasma 0-092 2 
(6) from protease + plasma 0-252 25 
(c) from protease 0-288 13 
3 None 0-316 —_ 
Albumin fraction 
(a) from plasma 0-053 83 
(6) from protease + plasma 0-120 62 
(c) from protease 0-348 — 
4 None 0-288 — 
Albumin fraction 
(2) from plasma 0-078 73 
(6) from protease + plasma 0-048 2 
(c) from protease 0-302 — 


was associated with the lipid content. Fractiona- 
tion of horse serum albumin indicated clearly that 
the inhibitory activity was not associated with the 
yellow colouring. 
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SUMMARY 


1. Rat, horse and human plasma have a powerful 
inhibitory action on the proteolytic activity of skin 
extracts. 

2. A maximum inhibitory effect (between 70 and 
90 % of the original enzyme activity) was produced 
by between 0-03 and 0-05 ml. of plasma/ml. of 
protease. 

3. On addition of constant amounts of plasma 
to varying concentration of the enzyme, the per- 
centage inactivation increases with decreasing 
amounts of the latter. 

4. Casein interferes to some extent with the 
inhibitory activity of plasma. 

5. The inhibitory factor of plasma shows a 
marked instability at 65°, and is rapidly destroyed 
at 70°. 

6. Plasma retains its anti-protease activity after 
5 hr. dialysis against 1% NaCl (at 1°). 

7. Trichloroacetic acid treatment of plasma 
partly inactivates the skin protease inhibitor and 
partly precipitates it in the active state with the 
plasma protein. 

8. Trypsin inhibitor from pancreas has no effect 
on the skin protease. 

9. The inhibitory activity of plasma is destroyed 
by shaking with chloroform. 

10. The inhibitor from plasma is precipitated in 
most soluble fraction of the albumin, and inhibition 
is not a property of the total albumin. 
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The Polarographic Determination of Thyroxine and 3:5-Diiodotyrosine 


By G. K. SIMPSON anp D. TRAILL, Imperial Chemical Industries Limited, Explosives Division, 
Research Laboratories, Stevenston, Ayrshire 


(Received 26 October 1945) 


Although biological methods are used for assessing 
the value of thyro-active materials, chemical me- 
thods are also available to determine the thyroxine 
content of such substances. These methods are 
mainly based on the estimation of iodine as ‘thy- 
roxine iodine’ (Harington & Randall, 1929; Leland 
& Foster, 1932; Brand & Kassell, 1939). Polaro- 
graphic analysis suggests itself as a means of simpli- 
fying this determination and this note records a 
preliminary study of the behaviour of thyroxine 
and diiodotyrosine at the dropping mercury cathode. 


EXPERIMENTAL 


The apparatus used was a standard Cambridge Polarograph 
and the samples examined were obtained from British 
Drug Houses Ltd. The electrolysis cells were maintained 
at 25° during the experiments and potentials were measured 
against the saturated calomel electrode. The m and t values 
of the dropping electrode were respectively 2-075 mg./sec. 
and 2-9 sec., with the capillary dipping into distilled water 
at 25°. 
3:5-Diiodotyrosine 


3:5-Diiodotyrosine was found to be electro-re- 
ducible and to give a polarographic wave. The half- 
wave potential varied with the base electrolyte used. 
Thus, 0-004 g. diiodotyrosine in 10 ml. 0-1N-HCl 
showed a wave in the current-e.m.f. curve at — 0-98, 
rising to a peak at — 1-08 V. In 10 ml. 0-5N-Na,CO,, 
0-004 g. diiodotyrosine gave a wave possessing a 
point of inflexion at mid-voltage. There is thus a 
hint of a double step wave, but treating it as a 
single wave, H,= —1-72 V. measured against the 
saturated calomel electrode. Diiodotyrosine acetate 
gave an identical wave under the same conditions. 

These base solutions, however, did not produce 
very satisfactory waves and better ones were ob- 
tained by using 0-5n-Na,CO, containing tetra- 
methylammonium bromide or iodide. In these base 
solutions, after removal of oxygen, diiodotyrosine 
gave two polarographic waves having half-wave 
potentials of — 1-50 and — 1-70 V. These two waves 
formed a double wave system and the height of both 
together was roughly proportional to the concentra- 
tion of the diiodotyrosine in solution. 

Fig. la shows the current-e.m.f. curve obtained 
from 0-02 g. diiodotyrosine dissolved in 20 ml. 
0-5n-Na,CO, solution containing 0-2 g. tetramethyl- 
ammonium iodide, Oxygen was removed by passing 
nitrogen through the solution for 10 min. 


pa, (2°325 va./division) 


-0°5 -1-0 -2-0 


Volts 


Fig. 1. Polarograms of (a) 0-02 g. diiodotyrosine in 20 ml. 
0-5N-Na,CO, containing 0-2 g. tetramethylammonium 
iodide; (b) 0-02 g. thyroxine in 20 ml. ethanol/0-5y- 
Na,CO, solution containing 0-2 g. tetramethylammonium 
iodide. 
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Fig. 2. Relation between wave height and concentration 


of diiodotyrosine acetate. 
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A range of concentrations of diiodotyrosine ace- 
tate, between 5 x 10-4 and 2 x 10-m was measured 
using 20 ml. portions of 0-5n-Na,CO, solution con- 
taining 0-2 g. tetramethyl] salt. The series of polaro- 
grams thus obtained without removal of oxygen did 
not show any voltage shift and the relationship 
between polarographic wave height (4-65 x 10-1 a./ 
unit scale division) and concentration is shown in 
Fig. 2. This suggests the basis of a new analytical 
method for diiodotyrosine. 


Thyroxine 


The polarogram of 0-007 g. of thyroxine (mono- 
sodium salt) in 10 ml. 0-5N-Na,CO, solution con- 
sisted of a composite wave. The first discharge 
occurred at a half-wave potential of — 1-24 V. and 
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Fig. 3. Relation between wave height and concentration 
of thyroxine without removal of oxygen from test solution. 


the second produced a small maximum at — 1-40 V., 
while the third occurred at about — 1-66 V. 

After several experiments with various base 
electrolytes, the following method was found to 
yield reproducible polarograms. The thyroxine 
(0-02 g.) was dissolved in 20 ml. of a mixture of 
ethanol/0-5N-Na,CO, solution in the ratio of 2: 3; 
0-2 g. tetramethylammonium iodide was added and 
the polarogram recorded after elimination of oxygen. 
The current-e.m.f. curve obtained for thyroxine 
under these conditions is reproduced in Fig. 1b. 
Three waves are apparent at half-wave potentials 
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— 1-20, — 1-42 and —1-70 V. respectively. Polaro- 
grams of the same solution with other thyroxine 
concentrations were recorded at identical half-wave 
potentials. The over-all height of the composite 
wave structure was measured and the height of this 
was found to be proportional to the concentration 
of the thyroxine. 

Fig. 3 shows a plot of polarographic wave height 
(4-65 x 10-1va./unit scale division) against thy- 
roxine concentration, without elimination of oxygen. 
The concentration ranges from about 3 x:10-* to 
1-25x 10-*m. In this range, it may be noted that 
the proportionality exists whether or not oxygen 
has been removed from the electrolysis solution. 

For a more dilute range of thyroxine, 3 x 10-5 to 
1-25 x 10-4m, it was necessary to remove oxygen 
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Fig. 4. Relation between wave height and concentration 
of thyroxine. More dilute range: oxygen removed from 
test solution. 


from the test solution by means of nitrogen. Fig. 4 
shows the linear relationship between polarographic 
wave height (6-975 x 10-*a./unit scale division) 
and concentration of thyroxine over this range. 

This does suggest that polarography may provide 
a new method of thyroxine determination. 


Thyroxine in the presence of diiodotyrosine 


Preliminary work indicated that within certain 
concentration limits it may be possible to determine 
thyroxine in presence of diiodotyrosine by means 


8-2 
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of the first polarographic thyroxine wave at — 1-20V. 
Diiodotyrosine under the same conditions does not 
commence to discharge until about — 1-30 V. (see 
Fig. 1). In a typical experiment the following data 
were obtained. 

Diiodotyrosine (0-05 g.) was dissolved in 50 ml. 
0-5N-Na,CO,/ethanol (3 : 2) and thyroxine (0-048 g.) 
was dissolved in 20 ml. of the same ethanolic car- 
bonate solution. Two polarographic test solutions 
were prepared from the above solutions thus: 





0-5 N- Tetra- 
Na,CO,/ methyl- 
Thyroxine Diiodotyrosine ethanol ammonium 
fear ee ' ~ (332) iodide 
ml, g. ml, g. (ml.) (g.) 
(a) 4 0-0096 10 0-005 6 0-2 
(5) 6 0-0144 10 0-005 4 0-2 


Observing the usual precautions, nitrogen was 
bubbled through each solution for 10 min. The re- 
sultant polarograms are reproduced in Fig. 5. It 


pa. (1°163 na./division) 


0 —-1-0 
Volts 


Fig. 5. Thyroxine in presence of diiodotyrosine. Polaro- 
grams of solutions containing 20 ml. 0-5N-Na,CO,/ethanol 
(3:2), 6-005 g. diiodotyrosine and 0-2 g. tetramethyl- 
ainmonium iodide plus (a) 0-0096 g. thyroxine, (b) 0-0144 g. 
thyroxine. Potentials against mercury pool anode. 


may be seen that the heights of the first thyroxine 
wave at —0-90 V. (measured against a mercury 


Brand, E. & Kassell, B. (1939). J. biol. Chem. 131, 489. 
Harington, C. R. & Randall, S. 8S. (1929). Quart. J. Pharm. 
2, 501. 
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rendered during the course of this work. 
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anode) in both (a) and (0) are approximately in the 
ratio of 2:3, which is the ratio of the thyroxine 
concentrations. 


DISCUSSION 


In this work it has been found that tyrosine does 
not undergo polarographic reduction in sodium 
carbonate solution (cf. Roberts, 1941). Thus it 
would appear that the formation of the waves for 
the electro-reduction of thyroxine and diiodotyro- 
sine at the dropping mercury cathode is due to the 
presence of the iodine atoms. It is evident that the 
iodine atoms in diiodotyrosine possess two separate 
reduction potentials, producing as they do, two 
waves of approximately equal height. The polaro- 
gram of thyroxine is not so simple; the first fairly 
well-defined wave, constituting one-fourth of the 
entire wave, presumably indicates the reduction of 
one iodine atom while the remainder of the current- 
e.m.f. curve represents the reduction of the re- 
maining three iodine atoms. 

It has been demonstrated that the composite 
wave height for thyroxine is proportional to the 
concentration. As the clearly defined first wave of 
thyroxine appears to bear a constant ratio (1: 4) 
to the composite wave, then in the determination of 
thyroxine in presence of diiodotyrosine, the height 
of the wave at — 1-2 V. with respect to the saturated 
calomel electrode may be taken as being propor- 
tional to the thyroxine concentration. 


SUMMARY 


1. Thyroxine has been determined polarographi- 
cally using a mixture of ethanol and sodium 
carbonate solution containing either tetramethyl- 
ammonium iodide or bromide. A similar technique 
may be used for the determination of diiodotyrosine, 
using a base solution without ethanol. 

2. Preliminary indications are given that thy- 
roxine may be determined polarographically in the 
presence of diiodotyrosine. 





Thanks are due to Mr J. P. Cavanagh for assistance 
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Studies on Suramin (Antrypol: Bayer 205) 


ov. 


5. THE COMBINATION OF THE DRUG WITH THE PLASMA AND OTHER PROTEINS 


By HILARY M. DEWEY anp A. WORMALL, Department of Chemistry and Biochemistry, 
Medical College of St Bartholomew's Hospital 


(Received 12 November 1945) 


In previous investigations (Boursnell, Dangerfield & 
Wormall, 1939; Boursnell & Wormall, 1939) support 
was obtained for the view that the long retention of 
injected suramin in the animal body is largely due 
to its combination with the proteins of plasma and 
the body tissues. Little is known about the nature 
of this combination or the factors governing the 
dissociation or the ‘metabolism’ of protein-suramin 
complexes in the body, and it was thought desirable, 
therefore, that a further study of these problems 
should be made. In the investigations described 
here the amounts of the drug combining with pro- 
teins under varying conditions have been deter- 
mined, and the suramin-protein complexes have 
been exhaustively extracted with various solvents 
to find out whether this extraction will remove all 
or most of the combined or adsorbed drug. 

With regard to the retention of suramin in the 
body for several weeks after the injection, there is 
no unequivocal proof that it is the unchanged drug 
which is retained, though the fact that protection 
against trypanosomiasis is given for many weeks 
after the injection suggests that no marked chemical 
change in the drug has taken place during this 
period. The method of suramin determination which 
we have devised and used in our investigations, and 
indeed any chemical method of a similar nature, 
cannot differentiate between the unchanged drug 
and other substances which produce aromatic 
amines when hydrolyzed by acid; thus the chemical 
determinations on plasma and the tissues merely 
give a measure of the amount of suramin plus any 
amine-containing ‘metabolites’ of suramin. Al- 
though it is unlikely that any appreciable part of 
the injected suramin is hydrolyzed to simple aro- 
matic amines and that the latter are retained in the 
body in combination with proteins, it was decided 
that it would be of interest to determine (i) whether 
acid-hydrolyzed suramin can combine with plasma 
and other proteins, and (ii) how long injected, 
hydrolyzed suramin is retained in the plasma and 
tissues of the injected animal. The results of these 
investigations are described in this paper. 


METHODS 


Suramin determinations. These were carried out as de- 
scribed previously (Dangerfield, Gaunt & Wormall, 1938), 
the method involving the heating of the suramin-containing 


material with HCl, diazotization of the resulting amines 
and coupling with methyl-«-naphthylamine to give a red 
colour. All determinations were made with the aid of 
Lovibond tintometer disks (Boursnell e¢ al. 1939; Boursnell 
& Wormall, 1939), and the use of a control ‘ backing’ tube 
made it possible to compensate for amines or amine-pre- 
cursors in normal sera or in the untreated proteins or for 
any dark colour or other pigment in the filtrates after 
treatment with kaolin. Duplicate determinations were made 
in practically every case, and all the figures in this paper, 
except those in Table 1, have been corrected for the small 
blank values for normal serum, serum proteins and other 
proteins. Total N determinations were made on the dried - 
suramin-protein complexes, but it was usually found most 
satisfactory to record the result in terms of mg. suramin/g. 
of the dried product. 


RESULTS 
The combination of suramin with serum proteins 


Earlier experiments (Boursnell & Wormall, 1939) 
have shown that when suramin is added to serum 
a considerable amount of the drug becomes attached 
to the proteins and can be found in the ethanol- 
precipitated proteins. A study of the plasma of 
rabbits which had previously received intravenous 
injections of the drug showed a similar fixation of 
suramin by the proteins, and here also ethanol 
precipitation gave products containing considerable 
amounts of the drug. No attempt was made to 
determine the relative amounts of suramin com- 
bined with different fractions of the plasma proteins, 
but it was found that the precipitated and washed 
globulin fraction contained an appreciable part, but 
not the whole, of the suramin present in the original 
plasma. 

In view of these earlier results it was decided 
to study the following: (i) the amounts of suramin 
combining with the serum or plasma proteins with 
varying concentrations of the drug, and (ii) the 
stability of the protein-suramin complexes to pro- 
longed extraction with various solvents. Prelimi- 
nary experiments showed that the combination of 
suramin with serum proteins takes place rapidly, 
within a few minutes of mixing the solutions. In 
order to give the mixtures time to reach equilibrium, 
however, they were usually allowed to stand at room 
temperature (16-20°) for 1 hr., with occasional 
shaking. Further experiments showed that it is not 
necessary to allow the mixture to stand for more 
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than a few minutes, after precipitating the suramin- 
protein complexes with ethanol, though a longer 
period of time (about 1 hr.) was usually allowed. In 
the early experiments the ethanol-precipitated pro- 
teins were exhaustively extracted with a mixture 
of ethanol and water, but in later experiments this 
long extraction was made with methanol, in which 
suramin is very soluble. It was found that all the 
loosely attached suramin which could be Soxhlet- 
extracted with methanol was removed from the 
precipitated proteins by 3 hr. extraction and this 
was adopted as the standard procedure in most of 
the later experiments. 

Many experiments have been carried out with 
varying amounts of suramin added to human serum, 
and the ethanol-precipitated proteins have been 
extracted with various solvents. It is not necessary 
to give a detailed account of the individual experi- 
ments and it will perhaps be sufficient to record that 
the suramin-serum protein preparations still con- 
tained very appreciable amounts of suramin after 
each of the following Soxhlet extractions: (i) with 
aqueous ethanol [a mixture of 2 vol. of ethanol to 
1 vol. of H,O, giving a 6: 1 ethanol-water ratio in 
the vapour phase (Handbook of Chemistry and 
Physics, 1936, p. 1294) ] for 6hr., with a change of the 
extracting fluid after 3 hr. extraction, and (ii) with 
methanol for 3-12 hr. The amount of suramin left 
in the preparations after these extractions varied 
considerably, but it depended largely, of course, on 
the relative amounts of suramin and serum originally 
used ; another factor influencing the final result may 
have been the physical state of the powder during 
the extraction, and the agreement between the 
values for duplicate preparations (separately ex- 
tracted) from a suramin-serum mixture was often 
much less satisfactory than in the experiments with 
the other proteins; there is also the possibility that 
the combining power for suramin might vary some- 
what from one sample of serum to another. No 
attempt has so far been made to determine the 
maximum amount of suramin which will combine 
with a given weight of serum proteins, but in one 
experiment a fully extracted product contained 5% 
of suramin, equivalent to about 3-5 mol. of suramin/ 
mol. of protein, assuming a mean mol. wt. of 100,000 
for the serum proteins. 

The following experiment may be regarded as 
typical of a large number carried out with the 
objects mentioned above, and it will perhaps serve 
to indicate the general methods used in attempts to 
obtain the maximum solvent extraction of loosely 
attached suramin from the suramin-protein com- 
plexes. To five 20 ml. samples of human serum were 
added 1 or 2 ml. of suramin solutions of concentra- 
tion ranging from 0-2 to 9-6 % (w/v), the mixtures 
being shaken and allowed to stand for 1 hr. at room 
temperature. Three 4 ml. samples from each mixture 
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were each added to 12 ml. of absolute ethanol and 
the mixtures shaken well and left for some time, 
The precipitated proteins were stirred well with a 
glass rod to break up any large particles, centrifuged, 
washed with methanol, and Soxhlet-extracted for 


6 hr. with methanol. The products were dried | 


in vacuo over CaCl, and then ‘air-dried’ to constant 
weight (in most other experiments, however, the 
hygroscopic material was weighed out as rapidly as 
possible after removal from the desiccator). Sura- 
min determinations gave the following results: 


mg. suramin added to 20 ml. 20 199 60 119 192 
serum 
mg. suramin/g. in the ex- 00 7:7 16 29 5 


tracted product 


The combination of suramin with 
casein and gelatin 
Casein 


Exp. 1. The suramin (20 mg.) was dissolved in 2 ml. of 
water and added to 20 ml. of a filtered casein solution 
(approx. 5%) prepared as described by Cole (1933, p. 127). 
The mixture was shaken and samples were taken (a) at once, 
(6) after 1 hr., and (c) after 2 hr. at 17°. Each sample (2 ml.) 
was run into 6 ml. of ethanol, and a few drops of a cone. 
MgCl, solution were added to assist precipitation ; the centri- 
fuged proteins were washed twice with about 8 ml. of 
methanol each time, then Soxhlet-extracted with methanol 
for 6 hr. and dried in vacuo over CaCl. 


The mean values obtained for the suramin con- 
tents of the samples were (a) 18 mg., (b) 16 mg. and 
(c) 17 mg./g. of dried protein complex. 


Exp. 2. mg. suramin 


(dissolved in 


Approx. 5% 
casein solution 


(ml.) 1 ml. H,0) 
Mixture A 10 154 
Mixture B 10 54 
Mixture C 10 20 


Samples (2 ml.) of each mixture, and of a control mixture 
(with no suramin), were run into ethanol (containing MgCl,) 
and the precipitates washed and Soxhlet-extracted (3 hr.) 
with methanol as in Exp. 1. 


The dried preparations contained 182 mg. (A), 
104 mg. (B) and 39 mg. (C) of suramin/g. It is of 
interest to note that with the two lower concentra- 
tions of suramin (B and C), between 80 and 90% 
of the suramin added to the casein solution became 
firmly attached to the protein. With the highest 
concentration of suramin (mixture A) only a little 
over 60% of the added suramin was found in the 
extracted protein precipitate. 


Gelatin 

Leaf gelatin (1-2 g.) was dissolved in 37-5 ml. of warm 
water, 12-5 ml. of 0-75mM-NaHCO,-H,CO, buffer of pH 75 
were added and the temperature adjusted to 37°. The 
suramin (50 mg. dissolved in 2 ml. of water) was then added, 
the mixture shaken, and samples taken (a) immediately, 








1946 
1 and 
time. 
ith a 
aged ? 
d for 


dried | 


stant 
_ the 


ly as | 
ura- | 


192 


50 


1. of 
ition 
(27). 
nce, 


ml.) 


one, 


itri- 
. of 
anol 


on- 
nd 


ure 


1) 


r.) 





Vol. 40 


(b) after 1 hr., and (c) after 5 hr. at 37°, the mixture being 
shaken at intervals throughout the experiment. Each 5 ml. 
sample was run into 30 ml. of ice-cold ethanol and the 
solution centrifuged; the precipitates were washed twice 
with about 8 ml. of methanol each time and were then 
Soxhlet-extracted with methanol for 6 hr., and finally dried 
in vacuo over CaCl,. 

Suramin determinations gave the following re- 
sults: (a) 37mg., (b) 39mg. and (c) 37mg. of 
suramin/g. dried protein complex. Calculations 
from the N and suramin values showed that about 
90% of the added drug had become firmly attached 
to the gelatin. 


The combination of hydrolyzed suramin with proteins 


Experiments have been carried out to determine 
whether the products obtained by acid hydrolysis 
of suramin combine with serum and other proteins 
in the same way as does the unhydrolyzed substance. 
To enable a proper comparison to be made, amounts 
of hydrolyzed suramin were used equivalent to the 
amounts of unhydrolyzed drug used in some of the 
experiments described above. 

Experimental. Suramin (0-50 g.) was heated with 
3 ml. of water and 3 ml. of 10N-HCl in a stoppered 
tube in a boiling water-bath for 7 hr. About 1 ml. 
of water and 1 drop of phenol red solution were 
then added and the mixture treated with 40% 
(w/v) NaOH to give pH about 8-0. The heavy white 
precipitate which had formed during the acid hydro- 
lysis almost entirely dissolved on the addition of 
the NaOH. Distilled water was added to make the 
final volume 10ml., and the solution (X) was 
warmed slightly to dissolve the small amount of 
solid matter. Another hydrolyzed suramin solu- 
tion (Y) was prepared in a similar manner by 8 hr. 
hydrolysis of 0-51 g. of suramin. Amine determina- 
tions on solutions X and Y, which were prepared 
for the injection experiments described later in this 
paper and which therefore had to be very concen- 
trated, showed that the suramin had apparently 
not been completely hydrolyzed to simple amines, 
possibly because of the high concentration of the 
drug and the separation of solid matter during the 
hydrolysis; the amine contents of X and Y showed 
that the solutions were equivalent to completely 
hydrolyzed 4-1 and 4-2% suramin respectively. It 
was, of course, not essential for these experiments 
that the suramin should be completely converted 
into simple amines, and it was thought desirable 
that the same solutions (X and Y) should be used 
for both sets of experiments. 

Portions of solutions X and Y were allowed to 
react with serum and a casein solution as follows: 

A. 20 ml. of human serum + 1-33 ml. of hydro- 
lyzed suramin solution (X). 

B. 21 ml. of approx. 5 % casein solution + 0-5 ml. 
of hydrolyzed suramin solution (Y). 
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The mixtures A and B were shaken and allowed to 
stand at 16° for 1 hr. Two 10 ml. samples of each 
mixture were run into 30 ml. of ethanol, a few drops 
of a cone. MgCl, solution being added to the samples 
of B to aid precipitation, and the precipitated pro- 
teins were removed by centrifuging and washed 
twice with about 8 ml. of methanol. Half of each 
preparation was Soxhlet-extracted with methanol 
for 6 hr., and all the products were dried in vacuo 
over CaCl,. Suramin determinations gave the fol- 
lowing results: Total amine (as mg. of 
suramin/g. dry product) 


ee 
Not Soxhlet- 


Complex of hydrolyzed Soxhlet- 

suramin with extracted extracted 
Serum proteins 6-7 0-2 
Casein 3-8 3-3 


The above figures for the total amine plus amine- 
precursor in the products show that although a small 
amount of hydrolyzed suramin becomes associated 
with serum proteins, the attachment is unlike that 
occurring with the unhydrolyzed drug, for in the 
former case the amount attached is relatively small 
and almost all of it is readily extracted by methanol. 
With casein, the amount of hydrolyzed suramin 
combining with the protein is also relatively low, 
being approximately one-fifth of the amount of the 
unhydrolyzed drug combining under comparable 
conditions; in this case, however, extraction with 
methanol does not remove the attached ‘amines’ 
possibly because they are firmly tinked up with the 
acid groups in the casein. 


The injection of hydrolyzed suramin 
into rabbits 


Rabbit no. 495 (wt. 1-9 kg.): Ist injection. 2-7 ml. 
of a hydrolyzed suramin solution prepared by 
heating 0-50 g. of suramin with 2 ml. of 10N-HCl 
for 6 hr. and subsequent neutralization with 40% 
(w/v) NaOH to pH 8, were injected into the marginal 
vein of one ear; amine determinations on the hydro- 
lyzed solution showed that it contained the equi- 
valent of 7% of suramin and thus the injection was 
comparable with an injection of 0-1 g. suramin/kg. 
of body weight. A sample of blood (6 ml.) was taken 
from the other ear of the rabbit before the injection 
and further samples (4 ml. in the early stages and 
later rising to 14 ml.) were taken 5 min., 1 hr., 6 hr., 
24 hr. and 96 hr. after the injection. The oxalated 
blood samples were centrifuged and duplicate sura- 
min determinations were made on each plasma. 

2nd injection. The same rabbit received 6 days 
later a similar injection of hydrolyzed suramin 
equivalent to 0-1 g. suramin/kg. (4-5 ml. of solu- 
tion Y described earlier in this paper). 

Rabbit no. 497 (wt. 1-95 kg.). This rabbit received 
one intravenous injection of 4-7 ml. of hydrolyzed 
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suramin solution X (equivalent to 0-1 g. sura- 
min/kg.). 

The results of these ‘total amine’ determinations 
show that a very small fraction only of the hydro- 
lyzed suramin is retained in the blood plasma a few 


Hydrolyzed suramin 





Suramin or hydrolyzed suramin (mg./100 ml. plasma) 


0 5 0 1 2 2 30 35 4 45 50 
Time after injection (hr.) 


Fig. 1. Comparison of concentrations in plasma of suramin 
and hydrolyzed suramin after the injection of equivalent 
quantities (0-1 g. suramin/kg. body wt.) into rabbits. 
(Values for suramin obtained from Dangerfield et al. 
1938.) The values have all been corrected for the corre- 
sponding ‘blank’ value (0-9 or 1-0 mg./100 ml.) for the 
pre-injection plasma samples. 

Suramin: x rabbit no. 468; o rabbit no. 449. 

Hydrolyzed suramin: x rabbit no. 497, 1st injection. 
o rabbit no. 495, Ist injection. 
e rabbit no. 495, 2nd injection. 


Table 1. Amine plus amine-precursor content (in 
terms of mg. suramin per g. of tissue or per ml. of 
plasma) of the tissues of normal rabbits and of 
rabbits injected with hydrolyzed or unhydrolyzed 
suramin 


Rabbit 

injected Rabbits 

with injected 
Normal hydrolyzed with 

Tissue rabbits* suramin suramin* 
Kidney 0-043 0-044 0-158 
Liver 0-040 0-043 0-056 
Spieen 0-060 0-060 0-108 
Lung 0-039 0-039 0-056 
Muscle 0-026 0-012 0-043 

(abdominal wall) 

Plasma 0-009 0-009 0-036 


* Average values obtained in 
(Boursnell & Wormall, 1939). 


earlier experiments 
hours after the injection, and 48 hr. later merely a 
trace of the injected material is left in the plasma. 
The results of the above experiments are compared, 
in Fig. 1, with those obtained in an earlier experi- 
ment (Dangerfield et al. 1938) in which an equivalent 
amount of unhydrolyzed suramin was injected. It 
can also be seen, from a comparison with the earlier 
results, that on the average, there was more ‘total 
amine’ in the plasma 90 days after the injection of 
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unhydrolyzed suramin than there was 6 hr. after 
the injection of an equivalent amount of the hydro. 
lyzed drug. 

In earlier experiments (Boursnell & Wormall, 
1939) it was found that the injection of suramin into 
rabbits leads to the retention of significant amounts 
of suramin or some related substance in the tissues 
for many weeks after the injection. It was therefore 
thought that it would be of interest to determine 
whether the rabbits used in the above experiment 
showed any similar storage of amine or amine- 
precursor. Rabbit no. 495 was killed 9 days after 
the second injection, and suramin determinations 
were made on the tissues as described previously 
(loc. cit.). The results obtained (cf. Table 1) did not 
differ significantly from the ‘blank’ values for the 
corresponding tissues of normal rabbits, and they 
were certainly very considerably lower than the 
values previously obtained for the tissues of rabbits 
21 days after an injection of a much smaller amount 
of unhydrolyzed suramin (0-03 g. suramin/kg. of 
body weight, i.e. only 15 % of the equivalent of the 
hydrolyzed suramin injected into rabbit no. 495). 

DISCUSSION 

A considerable amount of evidence is available that 
suramin reacts with plasma and other proteins, and 
a reaction of this type may be significant in con- 
nexion with the anticomplementary and _ anti- 
coagulant action of this drug. Klopstock (1932), for 
example, concludes that suramin changes the iso- 
electric point of certain of the plasma proteins, and 
that with higher concentrations of the drug there is 
a reaction with specific groups in the protein mole- 
cule. Other investigators have reported that sura- 
min, although not a general enzyme poison, has an 
inhibitory or toxic action on certain enzymes, €.g. 
trypsin (Beilinsohn, 1929), fumarase (Quastel, 1931) 
and the enzymes giving post-mortem production of 
acid in muscle and liver (Fiirth, Scholl & Herrmann, 
1932). Evidence of combination of suramin with 
proteins was obtained in our earlier investigations 
(Boursnell & Wormall, 1939) by the chemical deter- 
mination of suramin in the precipitated proteins of 
(a) mixtures of suramin with serum or plasma, and 
(6) the plasma of rabbits which had received intra- 
venous injections of the drug, and there appears to 
be little doubt that the long retention of the drug 
in the body is due largely to its combination with 
proteins. It is interesting in this connexion to note 
that as long ago as 1921 Mayer & Zeiss suggested 
that the injected drug is bound to the plasma 
proteins. 

The results of the investigation described in the 
present paper indicate that the combination be- 
tween suramin and plasma proteins is of a firm 
nature, and that the compounds or complexes pro- 
duced retain very considerable amounts of suramin 
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even after exhaustive extraction with solvents in 
which suramin is very soluble. The amount of 
suramin combining with a given weight of the 
protein depends largely on the concentration of the 
drug in the plasma or serum. With high concentra- 
tions (e.g. 1 g. of suramin/100 ml. of serum) as much 
as 5% of firmly attached suramin has been found 
in the solvent-extracted protein preparation, but, 
of course, plasma concentrations of this order would 
not be reached in individuals receiving intravenous 
injections of the drug in the usual amounts (1 or 2 g. 
per injection). The exact nature of the combination 
of suramin with proteins is not known, and although 
the combination is apparently something other than 
ordinary adsorption, we have no evidence as yet of 
a reaction with specific groups in the protein mole- 
cule. Evidence of a reaction of this type would, of 
course, be most useful and might offer some ex- 
planation for the important pharmacological or 
therapeutic actions of the drug. It is hoped, there- 
fore, that further investigation will throw some 
light on this problem. It would also be of interest 
to know the trypanocidal activities of the suramin- 
protein complexes compared with those of equi- 
valent amounts of the uncombined drug, and also 
whether the rate of in vivo liberation or dissociation 
of the drug from the complex is determined solely 
by the normal breakdown or ‘turnover’ of the 
plasma proteins. 

Combination with suramin is not confined to the 
plasma and similar proteins, for a reaction occurs 
with gelatin and casein; indeed, the experiments 
described in this paper suggest that the amount of 
suramin firmly attached to casein or gelatin may 
be appreciably greater than that attached to the 
serum proteins under comparable conditions. It 
seems probable, therefore, that there is a general 
reaction between suramin and any protein, but the 
above-mentioned work of other investigators on the 
specific inactivation of certain enzymes by the drug 
and also the specific nature of its anticomple- 
mentary and anticoagulant actions suggest that 
there may also be a more specific reaction with 
specially active groups of certain proteins. The 
combination is rapid, and under the conditions of 
our experiments with serum proteins, casein and 
gelatin, it is completed within a few minutes of 
mixing the solutions. With some of the lower con- 
centrations of suramin used in these experiments 
at least 70% and sometimes as much as 90% of 
the added drug was found to be firmly attached to 
the separated and solvent-extracted gelatin and 
casein complexes, but appreciably less was fixed by 
the serum proteins. Up to the present no attempt 
has been made to determine the maximum com- 
bining power of proteins for suramin, but prepara- 
tions of the serum protein complexes containing 
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over 5% of suramin, and of the casein complexes 
containing 18 % of suramin have been obtained. 

The possibility of some breakdown of the suramin 
molecule in the animal body cannot be excluded, 
and the products of this ‘metabolism’ might con- 
ceivably combine with the plasma and tissue pro- 
teins and be determined as suramin in our experi- 
ments. A study has therefore been made of the 
capacity of acid-hydrolyzed suramin to combine 
with proteins, though it is not suggested that any 
degradation of the drug in the body is likely to be 
as complete as that effected by HCl. The results of 
our investigations show that the amines present in 
acid-hydrolyzed suramin solutions do not become 
firmly attached to serum proteins and only a rela- 
tively small amount becomes attached to casein. 
Furthermore, hydrolyzed suramin injected intra- 
venously into rabbits is not retained in the plasma 
for any very appreciable length of time, nor is there 
any increase in the amine plus amine-precursor con- 
tent of the tissues of the injected animal similar to 
that which follows the injection of the unhydrolyzed 
drug. The conclusion can be reached, therefore, that 
the long retention of ‘amine-precursors’ in the 
plasma and tissues of rabbits injected with suramin 
cannot be due in any way to the retention of rela- 
tively simple amines in combination with the body 
proteins. 


SUMMARY 


1. A further study has been made of the com- 
bination of suramin with the serum proteins. This 
combination is of a firm nature, and after long 
extraction with various solvents these suramin- 
protein complexes still contain very appreciable 
amounts of the drug. 

2. Suramin readily combines with other proteins 
such as casein and gelatin. 

3. Suramin hydrolyzed by HCl does not combine 
to any appreciable extent with serum proteins; with 
casein there is some combination, but the amount 
of amine attached is very much less than the amount 
of unhydrolyzed suramin which combines with this 
protein under similar conditions. 

4. The injection of hydrolyzed suramin into a 
rabbit does not lead to any increase in the ‘total 
amine’ contents of the organs and other tissues of 
the body. Suramin injections are followed by a 
marked increase in these values, as was described 
in earlier reports. 
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(Received 15 September 1945) 


The chemistry of the blood group substances pre- 
sents problems of lively interest in both the protein 
and carbohydrate fields and it is apparent that 
precise structural knowledge of these substances is 
eminently desirable in order to understand the re- 
markable differences in specificity which exist 
between the various groups. Two types of material, 
differing in immunological behaviour but sharing a 
common group specificity, are available for exami- 
nation. One type, which probably contains lipid 
constituents in addition to carbohydrate, can be 
extracted by organic solvents from human tissues 
and erythrocytes, while the other type can be 
extracted by water from certain human and animal 
tissues and secretions. Adequate recent reviews on 
the subject have been presented by Wiener (1943) 
and Morgan (1944). One of the most striking obser- 
vations in considering the field as a whole is the 
absence of any reliable method for preparing the 
‘group substances proper’ from erythrocytes them- 
selves and the consequent failure to establish more 
than a serological connexion between these group 
substances proper and the related substances in 
tissues. Nevertheless, the determination of the 
chemical nature of the tissue substances does present 
a relatively easy approach to the problem. The main 
part of the work described herein was completed 
some 6 years ago and was largely designed to find 
a suitable source of the factors and to work out a 
method for giving the relatively large amounts of 
carbohydrate material necessary for study by the 
methylation and other techniques. The purification 


was controlled by determining the power of each 
fraction to inhibit the isoagglutination reaction 
only, for no opportunity was found to carry out the 
haemolytic inhibition test (cf. Morgan, 1944). The 
properties of the substances examined are set forth 
in the experimental section and are summarized in 
Table 1. Their significance is discussed later. Table 2 
shows typical specimens of blood group A factors 
described in the literature. 


EXPERIMENTAL 


The following modification of the method of Sevag 
(1934) was found suitable for the preparation of a 
soluble polysaccharide-amino-acid complex from 4 
wide variety of sources. 


The mucin or minced tissue suspension was heated at 
100° for periods up to 30 min. in a steamer and where 
necessary a. little CaCO, was added to maintain neutrality. 
The solution was cooled and filtered. To each 100 ml. of 
filtrate there was added sodium acetate (12-16 g.) and 
20% (w/v) acetic acid (10-12 ml.) to adjust the solution 
to pH 4-8. It was then vigorously shaken with chloroform 
(or carbon tetrachloride) (20 ml.) and with butanol (2 ml.) 
for 30 min. The mixture was centrifuged and the upper 
layer separated and again shaken with Sevag’s reagents 
several times until there was no further coagulation of 
extraneous protein material. The crude polysaccharide was 
precipitated from the solution by addition of 3-4 vol. 
of ethanol. It was then fractionated by precipitation from 
5% aqueous solution containing a few drops of 1% calcium 
chloride, by gradual addition of ethanol. The fractions were 
dried by being washed with absolute ethanol and ether and 
then kept in a vacuum at 20°, 
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Technique of titration of polysaccharides 


The degree of activity of the polysaccharides dealt 
with in this paper has been estimated by determining 
their neutralizing capacity against the correspond- 
ing agglutinins present in appropriate normal human 
serum. The same anti-A («) serum, which was ob- 
tained from the Galton Laboratory, Oxford, was 
used for titrating the whole series of group A sub- 
stances. Group A red cells were obtained from the 
same individual throughout. The red cells were well 
washed with large volumes of physiological saline 
and then made up in such a concentration as to give 
easily discernible reactions when mixed with pro- 
gressive dilutions of anti-serum. Equal volumes of 
cell-suspension and of anti-serum were mixed to- 
gether on a clean microscope slide which was kept 
in a moist chamber at room temperature for 1 hr., 
the final reaction being read by means of a Busch 
2x 28 binocular microscope. 


Table 1. Properties of carbohydrate 


[a]> in 

Sample Source water 
8 (1) Human saliva group A +10° 
S (2) Human saliva group B + 20° 
S (3) Hog mucin +10° 
8 (4) Pepsin — 20° 
S (5) *“Neopeptone ’* + 5° 
S (6) *Peptone’* + 6° 
8S (7) Beef pancreas — 15° 
S$ (8) Commercial pancreatin * — 25° 
S (9) Lower intestinal mucin - 6° 
S (10) Sheep pituitary — 30° 
8 (11) Human cartilage — 33° 
S (12) 3eef cartilage -31° 
S$ (13) Serum mucoid — 35° 
S$ (14) Ovomucoid — 35° 
S (15) Frog spawn mucin — 

S (16) Pig vitreous humour =< 

8 (17) Gum tragacanth —~ 

8 (18) Damson gum — 

S (19) Pepsin + 12° 
S (20) Pepsin + §° 
S (21) Pepsin - 3° 
S (22) Pepsin — 10° 
S (23) Frog spawn, carbohydrate residue + 6° 
S (24) Ovomucoid, carbohydrate residue — 30° 
S (25) Hog mucin (copper purification) + & 
S (26) Hog mucin, acetylated + 6° 
S (27) Hog mucin, deacetylated material + 15° 
S (28) Human erythrocytes + 2° 
S (29) Human erythrocytes + 5° 
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It was thus possible to measure the number of 
agglutinin units in each ml. of a given anti-A («) 
serum. Since anti-sera keep unimpaired for long 
periods in cold storage, and since freshly prepared 
red cell suspensions can be standardized by means 
of a haemoglobinometer, it is possible to carry out 
a series of agglutination determinations under 
similar conditions and so to obtain results that are 
reasonably comparable. 


The titration of the polysaccharide fractions was carried 
out as follows: 5 mg. of each was taken up in 5 ml. of sterile 
physiological saline to give a concentration of 1 in 1000. 
From this solution there were made dilutions of 1 in 5000, 
1 in 50,000, 1 in 500,000 and 1 in 5,000,000. Five drops of 
each dilution were set out on a glazed porcelain spot-plate 
and to each there was added an equal volume of anti-A («) 
serum in a 1 in 5 dilution; the mixtures were then kept at 
room temperature for 1 hr. One drop of each mixture was 
then added to one drop of cell suspension on a clean micro- 
scope slide which was kept in a moist chamber for 1 hr. 
After this time the dilution point at which the agglutination 
reaction was not inhibited, was recorded. 


material obtained from various sources 








Minimum 
amount Diazo- 
detectable Biuret Sakaguchi sulphanilic 
N by anti-A (x) test test acid test 
(Dumas) isoagglutina- , = Y 
%) tion test Tested in 2% aqueous solution 
4-8 4yg. - + + 
45 No action (but + + + 
4yug. against 
anti-B serum) 
3° 4ug. + + 
« 2 ug. 7 . T 7 
5. 4ug. - es + 
5-0 dug. - ~ - 
6-8 dug. + + 
6-5 4uyg. + + 
5-0 Inactive + + + 
6-5 Inactive - = - 
3-2 Inactive - - ~ 
2-8 Inactive 7 - - 
11-5 Inactive - a + 
11-4 1000 ug. - ~ + 
6-8 10 yg. : - + 
6-5 Inactive ~ - - 
Trace Inactive - - - 
Trace 120 yg. - - - 
3:8 0-1 pg. ~ “ + 
3-9 lpg. ~ + t 
3-5 2pg. - - - 
2-6 10g. + 1 + 
5-8 Inactive + - - 
5-4 Inactive ~ - _ 
48 10 yg. + ; + 
2-5 100 ug. + - 2 
4:5 10yg. - aa - 
2-8 Trace ~ - - 
2-5 Trace - - ~ 


* British Drug House Ltd. 
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This preliminary titration with dilutions by powers of 10 by Dr W. T. J. Morgan having isoagglutinin power | a 
gives a clear indication of the limiting zone in which neu- jn a dilution of 0-15yg./ml. (ef. Morgan & King, [2 
tralization of agglutinaiion occurs, and the exact point of 1943). 
neutralization can be reached by interpolation of a fresh Hydrolysis of the pepsin A substance with 0-1n- 8 
eae ations Oy porere. at 2. : : , NaOH. A 5% solution of S (19) was heated at 100° | ? 

Since the dilution of polysaccharide which neutralizes a ith O1-NaOH and measured samples taken at . 
known dilution of antiserum is determined when equal we 2 \ . Af he heati = with 1 fi 
volumes of both are used, it follows that the neutralizing tervals. After the heating PrOCess Che Wire d 
capacity of a sample of polysaccharide can be expressed as Sample was cooled, neutralized with acetic acid, V 
that amount which inhibits one agglutination unit. A taken down to small bulk in a vacuum and the t 
similar technique was used in testing for group B substances, | product precipitated by 4 vol. of ethanol, the pre- i 
using an appropriate anti-B (8) serum and group B cells cipitate being washed and dried as usual. Samples ( 
from one individual. were obtained as follows: 8 (20) (30 min. heating), 

: : Se (2 i 5 i 

Polysaccharide preparations. With ‘active’ pre- $(21) (2 hr. heating), gi (4 ~ an The 
parations, only the properties of those fractions effect of the hydrolysis is s ee aes, - 
showing the most marked reaction are recorded in Similar attempts to Pe a - Sea “9 
Table 1. In some cases the fractions were tested for Stituents, using alkaline hy ery cea e ‘a I 
their anti-B (8) power also. No claim can be made the complexes meen ee cine ) a _— FP a 
that any of the substances was homogeneous, but it | SP@Wm mucin 8 (15) = ne ips . the mactive | , 
was readily apparent that commercial pepsin and substances S (23) and S (24) (Table 1). ¢ 
commercial hog mucin form convenient sources of s 
material for further purification and chemical in- Examination of hog mucin A substance f 
vestigation. Samples were made from the tissues , . ( 
or mucins listed in Table 1. Inasmuch as 8(3) contained an appreciable ] 

amount of nucleic acids (of mixed ribo- and de- ] 
= a ate ; : ribo- ).@ 29 # i is 8 wi 

Further examination of the pepsin A substance oxyribo types) # 2% solution of this sample . 

treated with a 5% solution of copper acetate until 

Inasmuch as the most active material S(4) from no further precipitation occurred. The precipitate 
pepsin still retained a laevo rotation [x]>, — 20° (ef. (which contained Cu nucleate along with other 
Table 2) and gave a strong biuret test, attempts were impurities) was removed (centrifuge) and the gastric j 

tT 6 = . ° . é 
Table 2. Properties of carbohydrate materials obtained from animal sources by other workers 
Reducing 

sugar (as Amino 

: Cc H N glucose) sugar Acetyl ; 
Source (%) (%) (%) (%) (%) (%) [aj 

Hog pepsin (i) 46-9 6-6 6-2 70-7 27 10 +16° 

Horse saliva (ii) 44-6 6-9 7-1 56-8 _— 9-4 +10° 

Peptone (iii) 46-7 6-53 5-85 73 — 9-56 +11-5° 

44-9 6-23 5-48 62 os 8-9 + 9-6° ; 

Hog stomach (iv) 46-47 6-6-6-9 5-5-6-3 50-60 29-30 10-5-12-0 +19-8—> +21-9° | 

Hog gastric mucin (v) 44-8-45-9 6-4-6-6 5-7-6°4 43-50 24-27-3 9-2-11-5 +8 —++1¢* | 

(i) Landsteiner & Chase (1936). (iv) Landsteiner & Harte (1940). | 


(ii) Landsteiner (1936). 
(iii) Goebel (1938). 


made to remove from it as much of the protein 
material as possible by means of mild alkaline hydro- 
lysis. A 5% solution of S (4) was mixed thoroughly 
with BaCO, and heated to 70° for 10 min. The 
BaCO, was removed (centrifuge) and by careful 
fractional precipitation of the material in solution 
by means of ethanol there was obtained in 60% 
yield a group A substance (S (19): [«]7’, +12°; N- 
acetyl, 9:-4%) which had essentially the properties 
of specific material as described in the literature 
(Table 2). It showed an isoagglutinin power at a 


dilution of 0-10 »g./ml., which compared favourably 
with an undegraded electrophoretically homogen- 
eous preparation of an A substance kindly provided 









(v) Morgan & King (1943). 
* D5461A. 


mucin polysaccharide precipitated from the super- 
natant by addition of 4 vol. of ethanol. It was 
reprecipitated several times from aqueous solution 
by addition of a mixture of ethanol and ether 
acidified with HCl until all the copper ions were 
removed. It was washed and dried as usual, giving 
S (25). 


Acetylation of 8(25). S(25) (2-0 g.) was suspended in 
pyridine (20 ml.) and acetic anhydride (30 ml.) and the 
mixture shaken vigorously at room temperature for 48 hr. 
The resulting clear solution was poured into ice-water which 
was then thoroughly extracted with chloroform. On re- 
moval of the chloroform there was obtained 3-2 g. of a 
cream-coloured powder, S8(26), having O-acetyl, 33-3; N- 
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acetyl, 9-3; N, 13%; [a]}8°, —12° in chloroform (c, 1-0); 
[a], +6° in water (c, 1-5) (Table 1). 

Deacetylation of S(26). This material (1-5 g.) was dis- 
solved in acetone (25 ml.) and to the solution was added 
5n-NaOH (10 ml.). After being kept for 30 min. a further 
amount of acetone (15 ml.) was added, the solution centri- 
fuged and the product purified by reprecipitation from a 
concentrated aqueous solution by means of ethanol acidified 
with acetic acid. After being dried in the usual manner 
there was obtained 0-8 g. of S(27) in the form of a white 
powder ([«]7, +15° in water (c, 1-1); N-acetyl, 9-0%) 
(Table 1). 


Attempted preparation of the group A substance 
from human erythrocytes 


The experimental procedures of Hallauer (1934), 
Kosjakov & Tribulev (1940), and Kosjakov (1941), 
and many variations thereof were carefully followed 
using washed erythrocytes of group A. In most 
cases it was possible to isolate in very low yield 
samples of polysaccharide material, e.g. S (28) and 
§(29), but in all cases these carbohydrates were 
devoid of detectable amino-acid constituents and 
possessed only traces of group A specificity (cf. 
Morgan, 1944). 


Preparation of a stable carbohydrate residue from 
pepsin A substance for methylation studies 


Since there remained a stable carbohydrate re- 
sidue, S (22), after alkaline hydrolysis of the most 
active material S (19), it was felt advisable to carry 
out a saponification process using barium hydroxide 
before submitting the polysaccharide to the strongly 
alkaline conditions of the dimethyl sulphate me- 
thylation. Accordingly the following methods were 
developed: 


Method I. This was the modification of the method of 
Fraenkel & Jellinck (1927) which Stacey & Woolley (1940) 
used for preparing ovomucoid from egg albumin. Material 
corresponding to S(19) was prepared as described below. 
Commercial pepsin (80 g.) and baryta (100 g.) were dis- 
solved in hot water (1 1.), ethanol (50 ml.) and amyl alcohol 
(5 ml.) were added and the mixture boiled in an atmosphere 
of nitrogen for 12 hr. The residue was separated (centrifuge), 
washed with water until free from carbohydrate and dis- 
carded. The supernatant liquid and washings were concen- 
trated under reduced pressure and the syrup formed poured 
into ethanol (6 vol.). The coherent mass which was precipi- 
tated was separated (centrifuge) and purified by reprecipi- 
tation with ethanol. It was finally obtained as a light brown 
powder; []3”, —9°; yield 15% of crude pepsin. 

Method II. S(19) from commercial pepsin (10 g.) was 
dissolved in water (100 ml.), BaCO, (20 g.) added and the 
mixture heated on a boiling water-bath for 3 hr., the volume 
being maintained by the addition of water when necessary. 
Baryta (5 g.) was then added and the heating continued for 
a further 3 hr. It was then filtered and the filtrate evapo- 
rated in the presence of BaCO, (20g.). After removal of 
barium salts (centrifuge) the product which remained was 
precipitated and purified as in method I and was obtained 
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as a pale yellow powder; [«]}, —10°; yield 20% of the 
pepsin used. This product still gave weak biuret and nin- 
hydrin tests. 

Acetylation. A mixture of stable carbohydrate residue 
(10 g.), acetic anhydride (80 ml.) and pyridine (50 ml.) was 
shaken at room temperature for 9 hr. The solid material 
was isolated (centrifuge) and re-treated with acetic anhy- 
dride and pyridine. After six treatments no solid material 
remained. The combined supernatant liquids were evapo- 
rated (under diminished pressure) to a dark brown syrup 
which was dissolved in chloroform and centrifuged. A small 
insoluble residue was discarded and the supernatant liquid 
poured into light petroleum (b.p. 40-60°). The acetylated 
carbohydrate material was precipitated as a dark brown 
powder, which could not be separated into fractions having 
different properties by means of fractionation with organic 
solvents, O-acetyl, 33-0; N-acetyl, 90%; [«]}8°, -—12° in 
chloroform. 

Methylation. Both the acetylated and unacetylated ma- 
terials were methylated and yielded products which, as far 
as it has been possible to determine by fractionation with 
organic solvents, were essentially identical. 

Direct methylation of the carbohydrate residue. A mixture 
of stable carbohydrate residue (20g.), water (160 ml.), 
carbon tetrachloride (240 ml.) and dimethyl sulphate 
(80 ml.) in a bolthead flask was stirred in a water-bath at 
45°, and 35% NaOH (160 ml.) added at intervals over 1 hr. 
Dimethyl sulphate (80 ml.) and 35% NaOH (160 ml.) were 
then added simultaneously during 2 hr., the temperature 
raised to 60° and the mixture stirred for 2 hr. The reaction 
mixture was cooled to 0° and neutralized with 5n-H,SO,. 
Na,SO,.7H,O was crystallized out, filtered off, further 
amounts being precipitated by the addition of ethanol. 
The filtrate was concentrated (under diminished pressure) 
to a syrup which was dissolved in water (150 ml.) with 
acetone (25 ml.) and remethylated at 40° by making 
quarter-hourly additions of dimethyl] sulphate (13 ml.) and 
35% NaOH (24 ml.), 10 additions in all being made. The 
temperature was raised to 65° for 2 hr. and the mixture 
cooled, neutralized and crystalline sodium sulphate re- 
moved as before. The filtrate was evaporated to a syrup, 
dissolved in water (160 ml.) and the above two treatments 
repeated. The removal of sodium sulphate was then made 
as complete as possible. The product was a brown, porous, 
semi-solid mass: ash, 22%; OMe, 25°; yield, 5 g. 

This partially methylated material was dissolved in a 
mixture of dry methanol (160 ml.) and acetic anhydride 
(12 ml.) and left for 24 hr. at ordinary temperature in order 
to acetylate any free amino groups. The solvents were then 
removed under diminished pressure at 40-50°. The re- 
sulting syrup was dissolved in methyl iodide containing 
just sufficient dry methanol to give complete solution, silver 
oxide was added and the mixture maintained at 45° for 
4-5 hr. This treatment was repeated until no further increase 
in the methoxyl content could be achieved, the maximum 
value being 31-8%; ash, 2-1%; yield, 3-5 g. The yield could 
be increased by careful prolonged extraction of the various 
insoluble residues. 


Fractionation of the methylated polysaccharide. 
A typical sample of the methylated material (4-0 g. ; 
OMe, 30-8 %), was dissolved in chloroform (10% 
solution) and separated into fractions by cautious 
addition of light petroleum (b.p. 40-60°). The 


128 


fractions had properties as follows and provided 
evidence that the methylated material was homo- 
geneous: 

N 
(Dumas) 
(%) 

8 


OMe Ash 
(%) (%) 
30-3 1-1 
30-8 1- 
30-5 1-2 
30-0 1- 


[o]}° in 
chloroform 


Frac- Yield 

tion (g-) 
0-8 —21-4 
0-9 — 21:5 
1-2 —21-0 
1-0 — 20-8 


1- 
1: 
1: 
1 


9 
9 
6 


This methylated material slowly dialyzed through 
parchment and collodion membranes, showing that 
it was of relatively low molecular weight. It pro- 
bably represents a portion only of the carbohydrate 
material in the blood group A factor, though it may 
be a repeating unit. 

Hydrolysis. The methylated carbohydrate (3 g.) was 
hydrolyzed by being refluxed on a boiling water-bath for 
20 hr. with dry methanol containing 2% dry hydrogen 
chloride. In a typical experiment [«]?”", — 18-5° changed to 
[a] 3", +73° in 24 hr. The acid was neutralized with PbCO, 
and the filtered liquid evaporated in a vacuum to give a 
mobile dark brown syrup. 

Fractionation. The methylated syrup was separated into 
three fractions: (a) soluble in ether; (6) insoluble in ether; 
(c) soluble in a methanol-ether mixture. Fraction (a) was 
obtained first by a continuous extraction of the hydrolysate 
with dry ether. The residual insoluble portion was then 
dissolved in dry methanol (35 ml.) and dry ether added 
until no further material (fraction (b)) was precipitated. 
Evaporation of the methanol-ether gave fraction (c). 


Identification of an \-fucose constituent. Vacuum 
distillation of fraction (a) at 10mm. Hg (water 
pump) at 100° gave a crystalline sublimate which 
was recrystallized from ether and light petroleum. 
It then had m.p. 89—-92°, [«]}?°, — 187° in water, and 
was shown to be identical with an authentic 
specimen of 2:3:4-trimethyl-«-methyl-l-fucoside (I), 
kindly provided by Dr S. P. James (James & Smith, 
1944, 1945). It was further identified by hydrolysis 
with 0-1N-H,SO, to the free sugar, followed by 


conversion to the anilide, m.p. 112—114° alone or 
in admixture with an authentic specimen. This 
compound has since been isolated in an exactly 
similar way from a sample of an undegraded and 
carefully fractionated blood group A substance 
from hog gastric mucin which Dr W. T. J. Morgan 
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kindly provided. It is to be noted that in both 
polysaccharides the l-fucose must be present as an 
end group. The yield was c. 6 % of the methylated 
carbohydrate residue. 

Identification of mannose and galactose constituents, 
Fraction (b) (0-67 g.) contained no nitrogen and was 
further methylated, using methyl] iodide and silver 
oxide as before (two treatments). The resulting 
syrup was hydrolyzed with 2N-H,SO, for 5 hr. on 
a boiling water-bath, the solution then being neu- 
tralized with BaCO, and extracted with chloroform. 
The solvent was removed and there remained a 
syrup which was boiled for 5 hr. with absolute 
ethanol (10 ml.) containing aniline (0-15 g.). The 
ethanol and aniline were then evaporated off, leaving 
a brown syrup which partially crystallized. After 
some days at 0° the crystalline material was sepa- 
rated and after recrystallization from ethanol-light 
petroleum had m.p. 143°, alone or in admixture 
with an authentic specimen of 2:3:4:6-tetramethyl 
mannose anilide (m.p. 142°). The mother liquors 
from the above crystallization on being kept de- 
posited a second crystalline substance having m.p. 
193° alone or in admixture with 2:3:4:6-tetramethyl 
galactose anilide. Further amounts of these two 
anilides were separated from the mother liquors. 

Identification of a glucosamine constituent. This 
was carried out on another typical sample of 
methylated stable carbohydrate residue (4 g.) from 
which there resulted 2-0 g. of ether soluble fraction 
(a) and 2-1 g. of ether insoluble fractions (6) and (¢). 
After removal of the fucoside fraction (0-20 g.) from 
fraction (a), the residual material was distilled in a 
high vacuum giving fraction (a), b.p. 125° at 
0-15 mm., n%", 1-4520 (0-41 g.); fraction (ag), b.p. 
125-135° at 0-125 mm., n7)”, 1-4600 (0-20 g.); fraction 
(a,), b.p. 140-170°, nz, 1-4650 (0-31 g.); and an un- 
distilled residue (0-8 g.). All these fractions gave a 
weak qualitative test for nitrogen but at present 
only fraction (a,) has been examined. This syrup 


CH, OMe 


NHAc 
(IL) 


was dissolved in dry ether, dry HCl gas passed 
through and the resulting precipitate removed by 
centrifuging. It was recrystallized from ethanol and 
had m.p. 237° (decomp.), alone or in admixture with 
an authentic specimen of 3:4:6-trimethyl «-methyl 
glucosaminide hydrochloride. The identity of this 
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material was confirmed by the fact that on N- 
acetylation with silver acetate and acetic anhydride 
in methanol it was quantitatively converted to 
N-acetyl 3:4:6-trimethyl methyl glucosaminide (IT) 
which after recrystallization from ether-light petro- 
leum had m.p. 148—-149° alone or in admixture with 
an authentic specimen. It would appear that part 
of the glucosamine constituent also is an end group 
(cf. Stacey & Woolley, 1940, 1942). Other fractions, 
including fraction (c), have not yet been examined 
but already it is apparent that the structure is 
complex and further amounts of methylated 
material are being collected for investigation. 


DISCUSSION 


In considering the foregoing experimental results 
as a whole the most interesting observation is that 
all specific substances from non-human sources dis- 
play group A specificity only, so that human tissues 
and secretions remain the sole source of B and O 
group substances. 

The inhibition of the isoagglutination reaction 
provides a sensitive means of detecting substances 
having blood group specificity (cf. Morgan, 1944) and 
the most active fractions can be detected in amounts 
of <0-10yg. (Wiener, 1943). Since serological cross 
specificity depends upon a chemical structural 
relationship, we believe that the measure of speci- 
ficity shown by some of the complex, apparently 
unrelated polysaccharides, will eventually be traced 
to a similarity in structure. Certain of the poly- 
saccharides showed no trace of specificity and these 
provided useful controls; these inactive substances 
were for the most part devoid of detectable amino- 
acid residues. It was readily apparent from the 
examination of the most active fractions that while 
they were predominantly carbohydrate in nature, 
they contained amino-acid residues, in particular, 
histidine, which are apparently of high significance 
from the immunological point of view. This was 
first discovered by Landsteiner & Harte (1940); 
Morgan (1944) has summarized the evidence on the 
matter, and, moreover, states that chromatographic 
methods have revealed the presence of no fewer 
than fifteen constituent amino-acids in the hog 
mucin A substance. The importance of the com- 
bination of the group A substance with poly-amino- 
acids was discovered by Morgan and his co-workers 
(1940, 1941, 1944). By mixing the A substance from 
gastric mucin or ovarian cysts in aqueous solution 
with an alkaline solution of a protein component of 
the O-somatic antigen of Shigella dysenteriae, there 
was formed at pH 4-5 a complex which had the 
properties of a specific antigen. This induced in 
rabbits the formation of a powerful antibody which 
agglutinated human erythrocytes of group A and 
which could be used to distinguish A sub-groups. 
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A study of other A substance-protein complexes 
will prove of great interest. 

The progressive loss of activity on alkaline hydro- 
lysis shown by the A substances from pepsin 
(samples § (20), S(21), and S(22)) may be due to 
the loss of labile amino-acid residues, though further 
investigation of this is necessary. Our results indi- 
cate, however, that part of the structure is stable 
to mild alkaline treatment (BaCO, at 70°) since it 
retains a considerable degree of serological activity 
(e.g. showing activity at dilution of 0-1 yg./ml.). 
Treatment with N-NaOH decreases this activity to 
10 % in 30 min. and to 1% in 4 hr. The failure to 
isolate from erythrocytes any substances showing 
group A specificity was of interest since it appeared 
to be correlated with the absence of amino-acid 
residues from the erythrocyte carbohydrates. 

The effect of acetylating the factor from gastric 
mucin was significant for the reason that the acetate 
was soluble in water (cf. Stacey & Woolley, 1940) so 
that its activity could be measured. Although the 
acetylation process would block all free hydroxyl 
and amino groups yet a reasonable degree of iso- 
agglutination inhibition remained. This presumably 
was due to intact amino-acid constituents since 


- deacetylation restored the former degree of activity 


of the complex. The polysaccharides S$(15) from 
frog spawn mucin and §(14) from ovomucoid re- 
sembled the other A-factors inasmuch as they com- 
pletely lost their activity after saponification and 
removal of the detectable amino-acid constituents. 
It is noteworthy that both these polysaccharides 
possessed galactose residues and had a high content 
of N-acetyl glucosamine residues. 

Only acetic acid, glucosamine and galactose have 
previously been detected as constituents of the 
A substances (Freudenberg & Eichel, 1934; Land- 
steiner & Chase, 1936; Landsteiner, 1936). The 
acetic acid is probably present in N-acetyl glucos- 
amine and may have some effect on the specificity 
of the A substance (cf. Freudenberg & Eichel, 1935). 

Since direct acid hydrolysis of polysaccharides of 
this type tends to cause destruction of liberated 
monosaccharide units before the more stable parts 
are split (Stacey & Woolley, 1940) it was decided to 
methylate the carbohydrate residue and to attempt 
to identify the constituent units in the form of their 
methyl ethers. The drastic alkaline conditions of 
methylation undoubtedly caused a considerable 
breakdown of the molecular complex since the 
methylated products dialyzed through parchment 
membranes. However, by using the conditions 
described, an essentially homogeneous stable me- 
thylated carbohydrate was obtained in moderate 
yield. From this, by acid hydrolysis using the 
methods described, the following substances were 
identified: 2:3:4:6-tetramethyl d-mannose; 2:3:4:6- 
tetramethyl d-galactose; 3:4:6-trimethyl N-acetyl 
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a-methyl d-glucosaminide (II); 2:3:4-trimethyl «- 
methyl /-fucoside (I). The direct isolation of the 
latter compound is of great interest since l-fucose 
must constitute a terminal residue, and it would 
appear to be the first instance of the isolation of a 
fucose derivative from an animal source. It has 
been isolated previously from sea-weed and from 
gum tragacanth (James & Smith, 1944, 1945) and 
also in this department from a gastric mucin poly- 
saccharide (W. O. Cutler & S. Peat, private com- 
munication). It also appears from the direct isola- 
tion of II, that some of the N-acetyl glucosamine 
constituents are present as terminal groups. Since 
this investigation does not preclude the possibility 
that other sugar units also are present, it is evident 
that this stable carbohydrate residue possesses a 
branched chain structure of great complexity. 


SUMMARY 


1. Methods are described for the preparation 
from a wide variety of sources of polysaccharide- 
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amino-acid complexes having blood group A speci- 
ficity. 

2. Alkaline hydrolysis of the A substance from 
pepsin causes a degradation of the molecule and a 
loss of the group specificity. This loss may be due 
at least in part to a removal of amino-acid residues, 

3. Acetylated and methylated derivatives of a 
relatively stable carbohydrate residue from the 
pepsin A substance were prepared. 

4. Examination of the hydrolysis products of the 
methylated derivative of the stable carbohydrate 
residue showed that d-galactose, d-mannose, d- 
glucosamine and /-fucose were constituent units, 
Part of the d-glucosamine and the /-fucose com- 
ponents were present as terminal groups, and the 
amino group of glucosamine was naturally ace- 
tylated. 


The authors express their thanks to Dr H. G. Sammons 
and Mr M. G. Webb, who carried out preliminary experi- 
ments on some of the polysaccharide fractions. 
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Chemistry of Tissues 
3. BLOOD GROUP SUBSTANCES FROM HUMAN GASTRIC CONTENTS 


By H. G. BRAY, H. HENRY anp M. STACEY, Departments of Physiology and Chemistry, 
University of Birmingham 


(Received 15 September 1945) 


In view of the division of the blood groups into sub- 
groups and of the continued discovery of new factors 
such as the important Rh factor it is highly desirable 
to compare the chemical properties and detailed 
structure of the blood group specific substances 
from all the groups. Inasmuch as non-human 
sources appeared to provide only the A substance, it 
was necessary, as an approach to the main problems, 


to examine secretion or tissue material from humans 
of the appropriate groups. It appeared that gastric 
contents would provide a suitable means of getting 
the relatively large amounts of A, B and O specific 
carbohydrates needed for chemical study. Witebsky 
& Klendshoj (1940, 1941) have already examined, 
in a preliminary way, A and B factors prepared by 
Sevag’s method from the gastric juice of humans in 
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blood groups A and B and have obtained complex 
carbohydrates from both secretors and non-secretors 
of group O. 

By means of a mild saponification process we have 
obtained complex mucopolysaccharides from the 
gastric contents of humans in the three blood groups 
A, B and O and have attempted to purify them and 
to find some ready chemical method of distinguishing 
between them. More recently, through the courtesy 
and collaboration of Dr W. T. J. Morgan, we have 
been able to compare our products with his less de- 
graded and more highly immunologically active 
A factor isolated from commercial hog mucin 
(Morgan & King, 1943) and to begin the chemical 
study of his material. Our preliminary findings are 
described below. 


EXPERIMENTAL 


Determination of activity of fractions. The activity 
of the various fractions described below was deter- 
mined by the inhibition of isoagglutination test 
(ef. Bray, Henry & Stacey, 1946). 

Method of preparation. Gastric contents from 
individuals of the same blood group (no attempt 
being made to differentiate between ‘secretors’ and 
‘non-secretors’) were filtered in the refrigerator, 
heated on a water-bath for 2 hr. at 60—-70°, then 
cooled and stored at 0° until required, a little 
chloroform being added as preservative. This ma- 
terial could conveniently be stored for several weeks. 
BaCO, or CaCO, (50 g./l.) was added to the liquid 
and the mixture evaporated to one-third volume 
on a water-bath at 60—70°, with frequent stirring. 
The solid material was then filtered off and the 
carbohydrate fraction containing most of the ac- 
tivity precipitated from the clear filtrate with 
ethanol. In some experiments all the active material 
was precipitated in one fraction, while in others 
several fractions were obtained by adding e.g. 2, 4 
and 6 vol. of ethanol. The precipitated material was 
separated (centrifuge), washed with ethanol and 
with ether and then dried. The number of fractions 
and the yield of each varied somewhat owing to 
differences in the amount of carbohydrate material 


in the original gastric contents. A typical yield was } 


2-3 g. from 1 1. of filtered liquor. The products ob- 
tained were white powders and, even at this stage, 
showed considerable activity in inhibiting isoagglu- 
tination. They were purified by extraction with 
water at room temperature for 24 hr. When an 
insoluble material remained (as it did in the case of 
preparations made with the use of BaCO,) it was 
separated (centrifuge) and the supernatant liquid 
dialyzed against running tap water for 24 hr. The 
insoluble material which was discarded contained 
12-15 %, of ash, and a considerable amount of phos- 
phorus-containing carbohydrate which was essen- 
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tially inactive and free from sulphur. After dialysis 
the solution was concentrated at 40° (under dimin- 
ished pressure) and the carbohydrate material pre- 
cipitated with ethanol (3 vol.) and isolated as before. 
These products had an ash content of 5-8 % and at 
this stage were used for analysis and isoagglutination 
activity determinations. The ash content could 
readily be decreased to c. 3% by longer dialysis. 
The products were water-soluble white powders 
giving solutions which were only very slightly 
viscous, thus differing from the preparation of 
Morgan & King (1943) (see below). 

This method was applied to gastric contents from 
individuals of blood groups A, B and O. In all cases 
the products were similar in appearance and general 
properties and no ready means was available for 
distinguishing between them. 


Properties. The ash content (as sulphate), nitrogen con- 
tent (by micro-Kjeldahl method), reducing sugar (as glucose) 
after acid hydrolysis (by modified Shaffer- Hartman method) 
(Peters & Van Slyke, 1932), specific rotation and activity 
in inhibiting isoagglutination were determined for each 
main fraction. In order to compare our method of per- 
forming the isoagglutination test with that of Morgan & 
King (1943), we determined the activity of one of Dr 
Morgan’s preparations, obtaining the value of 0-liyg. for 
the minimum amount detectable, as against 0-1 pg. obtained 
by them, showing that our results are reasonably com- 
parable. On two other of their preparations, however, we 
obtained the value of 0-04 and 0-03yug. as compared with 
O-lyg. for our best sample. In addition, the following 
qualitative tests were carried out using a 1% aqueous 
solution of the fractions: biuret, ninhydrin, Millon’s, xantho- 
proteic, Sakaguchi (arginine), diazotized sulphanilic acid 
and the colour reaction for hexosamines (Elson & Morgan, 
1933). In some cases the sodium fusion test for sulphur also 


was performed. 


Of the protein reactions only the ninhydrin, 
Sakaguchi and diazotized sulphanilic acid reactions 
were always positive. The reaction for hexosamines 
was positive in all cases. All the fractions tested 
were found to be free from sulphur. A very large 
number of samples was examined over a period of 
several years and some typical analytical values for 
A and B preparations are given in Table 1 together 
with those for a polysaccharide from a group O 
gastric mucin for comparison. All values are cor- 
rected for ash content. 

The changes shown in Table 2 were observed on 
heating certain of the fractions with N-HCl and with 
nN-NaOH at 100°. Two samples of hog mucin A 
substance provided by Dr W. T. J. Morgan and 
having activities of 0-04 and 0-03 ug. respectively 
were directly methylated by the method described 
in the previous paper (Bray et al. 1946). Each of 
Dr Morgan’s samples gave a methylated derivative 
({a}7, —21°; OMe, 30-5%) identical with the 
corresponding derivative prepared from the pepsin 

9 
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Table 1. Properties of polysaccharides from gastric mucin 

Minimum 
amount de. 
tectable by 

Reducing isoagglu- 

sugar (as N tination 

Source of glucose) (Kjeldahl) test 
factor Exp. Reagent Fraction [i$ (%) (%) 
Human gastric mucin 


A substances ] BaCO, All ppt. together + 65-5° 78-0 2-76 
é BaCO, (i) +39-8° 61-6 2-07 

(ii) +70-7° 70-1 3°67 

CaCO, (i) +14-4° 67-2 3-79 

(ii) 426-1° 53-8 2-66 

(iii) + 0° 41-6 5-20 


B substances : BaCO, All ppt. together + 81-1° 32-3 
CaCO, (i) + 42-3° 
(ii) 444-5 


Polysaccharide from 5 BaCO, (i) + 70-2° 
O gastric mucin unfractionated 
Hog mucin A sub- Phenol +11-0° i 0-15 
stance (Morgan & 0-04 
King, 1943) © 0-03 

: (3 samples) 


Table 2. Hydrolysis of blood-group factors 


(1% solutions in n-HCI, n-NaOH or 0-1N-Na,CO, were hydrolyzed at 100° and the optical activity of samples taken 
after different periods of hydrolysis measured. The last value of [x]p recorded is the equilibrium value.) 


Hydrolytic 
Fraction agent A substance 
2 (ii) HCl Period (min.) 0 60 120 180 
[a]? + 71° +24 +24 + 28° 
NaOH Period (min.) 0 60 120 180 
ab +79° +47° +47 +42 
HCl Period (min.) 0 70 150 270 
[18° +26° +31° +32 +24 
NaOH Period (min.) 0 60 255 435 
[aJ32* +31° +12° +12° +12° 
Morgan & King’s (1943) A substance 
Period (min.) 0 60 120 240 420 
[a]? +10° +41° +45° +49 +49° 
Solution was too dark for observation 
1% solution [«]7, +26° treated for 2 hr. on boiling water-bath, 
neutralized, dialyzed for 48 hr., precipitated with ethanol and 
isolated in the usual way: [o] 3 >» +0°. 
B substance 
Period (min.) 30 60 150 
[x38 +3 83+30 «4480 
Period (min.) 30 60 150 
[«]>" +42° +32°—-+26° + 26° 
O substance 
Period (min.) 30 60 150 210 240 
[a] >” +70° +76° +56° +54° +652° 
Period (min.) 60 135 195 


Reo 


[a 3° + 70° + 56° +52° +52 
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Asubstance. From each sample the fully methy- 
lated J-fucose derivative was obtained in c. 6% 
yield. Details of this work will be published later. 


Table 3. The properties of some blood-group 
factors prepared by other workers 


Reducing 
sugar N 
Description [a] (%) 
A substance from pseudo- +11°* & 6-0 
mucinous ovarian cyst 
fluids (a) 
Saliva (b) (typical for all 
groups) 
B_ substance (c) from 
gastric juice 
0 substance (d) from 
gastric juice 
(a) King & Morgan (1944). 
(b) Landsteiner & Harte (1941). 
(c) Witebsky & Klendshoj (1940). 
(d) Witebsky & Klendshoj (1941). 
* A 5461A. 


DISCUSSION 


It is abundantly clear that the mucopolysaccharide 
mixture from human gastric contents is highly com- 
plex and that the method of fractionation and puri- 
fication by precipitation from aqueous solution by 
means of organic solvents is laborious and in the 
main is inadequate to provide pure material. Only 
the more elaborate physical methods such as ultra- 
centrifugation and electrophoresis wiill be sufficiently 
precise to give a possible means of distinguishing 
readily between the various factors. In considering 
the literature and our own results on the A substance 
it does seem generally agreed that the most active 
fractions have an optical activity of [a]p, +10° 
to +20°, so that the higher preliminary values we 
have found for the [«]p of the most active B sub- 
stance and for the polysaccharide from O group 
mucin may eventually prove of significance. It was 
of interest to find that the A substance from human 
gastric contents (unlike the crude commercial pepsin 
and hog mucin which were highly laevo-rotatory, 
e.g. [%]p, — 100°) contained a highly dextro-rotatory 
mucopolysaccharide. Inasmuch as the polysac- 
charide from O group mucin could not readily be 
fractionated it will be of interest to determine 
whether this is a contaminant of the A and B sub- 
stances from gastric contents. The A substance is 
undoubtedly labile and on degradation appears to 
give rise to laevo-rotatory products (cf. Morgan & 
King, 1943) which are closely related in physical 
properties thus making a separation difficult. The 
work of Morgan & King (1943) is of great importance 
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as giving a new aspect on the problems concerning 
the nature of the blood-group factors. They have 
shown that a highly purified undegraded A sub- 
stance, extracted by phenol from hog mucin, was 
split by saponification with Na,CO, at 100° in such 
a way that one-third of it dialyzed through a col- 
lodion membrane. The dialysate had a high nitrogen 
content and contained N-acetyl amino sugars ori- 
ginally linked glycosidically to amino-acid residues 
in the A substance. (It should be noted that the 
group substances prepared by Witebsky & Klend- 
shoj (1940, 1941) and by ourselves (Tables 1 and 3) 
contained a significantly lower nitrogen content 
than did the products of Morgan & King from hog 
mucin and ovarian cyst fluid.) The non-diffusible 
portion of Morgan & King’s hydrolysate was weakly 
laevo-rotatory ([a]p, —20°) and contained amino- 
acid constituents still attached to a carbohydrate 
residue, but this complex had no more than 1 % of 
the activity of the original complex. On this point 
our own findings on the A substance from human 
gastric mucin are somewhat at variance. As shown 
above our fractions were prepared by a relatively 
vigorous saponification process and although they 
were less viscous and presumably more degraded 
than Morgan & King’s A substance yet they had a 
dextro-rotation and the isoagglutination activity 
(0-15-0-l wg. as compared with 0-1—0-04yg.) was 
not significantly less. It is possible, even with 
Morgan & King’s preparation, that the limit of 
purification has not yet been reached because Land- 
steiner & Chase (1936) have claimed the isolation 
of group substances from horse saliva and pig pepsin 
which were detectable in quantities as minute as 
0-0005 ng. Our own activity findings on Dr Morgan’s 
fractions agreed very closely with his and it is most 
likely that the discrepancy between our results and 
those of American workers is due to variations in 
technique. There may be differences among the 
A substances themselves and Morgan & Watkins 
(1944) have obtained some evidence of this from 
the serological point of view in investigations on 
the hog gastric mucin A substance (from commercial 
hog mucin) and on the A substance from pseudo- 
mucinous ovarian cyst fluid. All the active group 
substances we have examined so far undergo a 
change in optical activity when subjected to alkaline 
hydrolysis, e.g. with N-NaOH. In our experience 
it is unusual for any polysaccharide, e.g. starch, 
glycogen, dextran, etc., which is devoid of prosthetic 
groups, to show such a change. Thus it is possible 
that the effect on the group substance is due to a 
continuous removal of the prosthetic groups, in 
particular the amino-acids. The change in rotation 
for the A, B substances and the O mucin polysac- 
charide was always in the same direction, i.e. pro- 
gressively less positive, thus emphasizing that all 
the factors are of the same type of substance. In 
9-2 
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view of Morgan’s (1944) statement that the A sub- 
stance from hog mucin was shown by the method 
of Consden, Gordon & Martin (1944) to contain no 
fewer than fifteen amino-acids as part of the com- 
plex, it is not difficult to understand how changes 
in the number and kind of these could give rise to 
differences in serological specificity even as profound 
as those existing between the A, B and O groups. 
Although our present knowledge of these substances 
is very scanty, it is tempting to speculate that they 
will contain a common or closely related relatively 
stable polysaccharide constituent. It has been of in- 
terest and gratification to find that the two samples 
of undegraded and highly purified A substances 
from commercial hog mucin provided for us by 
Dr Morgan gave rise to the same methylated stable 
carbohydrate residue with a l-fucose ‘end-residue’ 
as was obtained from the pepsin A substance (Bray 
et al. 1946). These studies will be continued in 
collaboration with Dr W. T. J. Morgan. 
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SUMMARY 


1. A method for preparing polysaccharides from 
gastric contents of individuals of blood groups A, B 
and O is described. This material is suitable for 
preliminary chemical studies of a stable carbo. 
hydrate constituent. 

2. Although partially degraded, the material 
from A and B group individuals displays consider. 
able activity in inhibiting isoagglutination. 

3. The properties of various fractions are de- 
scribed, the significance of the results is discussed, 
and attention drawn to the complexity of structural 
problems in this field. 


The thanks of the authors are due to Dr W. T. J. Morgan 
for providing them with generous samples of a blood group A 
specific substance from hog gastric mucin and to Dr W. 
Whitelaw and Miss H. Traught of the Dudley Road Hospital, 
Birmingham, for supplying large amounts of human gastric 
mucin obtained in the course of test meal investigations. 
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The Fate of Certain Organic Acids and Amides in the Rabbit 
1, BENZOIC AND PHENYLACETIC ACIDS AND THEIR AMIDES 


By H. G. BRAY, F. C. NEALE anp W. V. THORPE, Department of Physiology, 
Medical School, University of Birmingham 


(Received 13 October 1945) 


During an investigation of the fate of aromatic 
amino compounds in the rabbit it was observed that 
in some cases there was a considerable difference 
between the products of metabolism of an acid and 
its amide. Thus it was found that, whereas 45 % of 
a dose of anthranilic acid given to a rabbit could be 
recovered from its urine (after hydrolysis), only a 
very small amount could be obtained after giving 
an equivalent dose of o-aminobenzamide. Further, 
less phenolic material, as judged by the ferric 
chloride reaction appears to be formed from the 
acid than from the amide. Since there is little record 
in the literature of the investigation of such differ- 


ences, we have planned a series of comparative 
studies of certain acids and their amides in order to 
ascertain in what instances and to what extent an 
acid and its amide may be regarded as metabolically 
interchangeable. 

There are three main aspects of the problem which 
may be studied: (a) the hydrolysis cf the amide 
group, (b) the modification of groups already present 
in the molecule and (c) the introduction of hydroxyl 
or other groups. The differences may, however, be 
quantitative rather than qualitative, and it is from 
the former standpoint that these investigations will 
in the main be conducted. 
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This paper deals with benzoic and phenylacetic 
acids and their amides. The detoxication of the two 
acids has been studied in great detail by many 
workers. In the rabbit and the dog both are conju- 
gated, partly with glycine (to form hippuric and 
phenaceturic acids, respectively), and partly with 
glucuronic acid, the proportions of the possible con- 
jugates varying in different species. In the fowl 
phenylacetic acid is conjugated with ornithine, and 
in man and the chimpanzee with glutamine. The 
fate of benzamide has not been investigated in much 
detail. Nencki (1873) isolated hippuric acid from 
human urine after the ingestion of benzamide, sug- 
gesting that in man it is hydrolyzed to benzoic acid, 
and Salkowski (1877) found that the same occurs in 
the rabbit. Baumann & Herter (1877) claimed that 
in the dog benzamide is excreted largely unchanged 
and observed a slight increase in ethereal sulphate 
excretion. Gonnermann (1902) investigated the 
action of enzymes upon various amides and anilides, 
including benzamide, which he found to be hydro- 
lyzed by sheep’s liver and kidney. The detoxication 
of phenylacetamide does not appear to have been 
investigated, although Nebelthau (1895) refers to 
its pharmacological action and that of benzamide. 

In the work reported here we have studied the 
formation of hippuric and phenaceturic acids, the 
ethereal sulphate excretion and the increase in the 
excretion of reducing substance after administering 
the four substances under investigation. Rabbits 
were maintained on a constant diet until analysis 
showed that their daily excretion of the substances 
being estimated was as steady as possible. Doses of 
the acids or amides were then given and the appro- 
priate analyses performed on the urine passed 
during the subsequent 24 hr. 


METHODS 


Diet and feeding. The diet adopted consisted of 100 g. 
cabbage and 50 g. bran (or alternatively 25 g. each of bran 
and oats) daily, together with water ad libitum. The rabbits 
(does of approximately 2 kg. weight) were housed in meta- 
bolism cages fitted into large funnels for the collection of 
urine. It was necessary to keep the rabbits on the diet for 
at least 3 weeks before the normal excretion was steady 
enough for the experiment to be started. The substances 
being investigated were then given by stomach tube, benzoic 
acid as its sodium salt, phenylacetic acid in sodium bicar- 
bonate solution and the amides as suspensions in water. 
The interval between doses was usually a week, but never 
less than 3 days. 

Estimation of hippuric and phenaceturic acids. Failure in 
obtaining consistent results by Quick’s formol titration 
method (1926) or by Weichselbaum & Probstein’s precipi- 
tation method (1938-9) led us to adopt a method similar 
to that of Kanzaki (1932). Urine (20 ml.) acidified with 
2n-H,SO, (1 ml.) was continuously extracted with ether 
for 3 hr. The ether extract was then evaporated to dryness 
and then either titrated directly with 0-1N-alkali, or dis- 
solved in 0-1N-alkali by gently warming on a water-bath, 
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made up to 25 ml. and measured volumes titrated with 
0-1N-H,SO,, thymol blue being used as indicator. (The 
indirect method was more convenient when the extract was 
crystalline: the procedure adopted did not affect the result.) 
The ether-soluble acid of normal urine was expressed as 
hippuric acid, and after dosing the ‘extra’ acid as hippuric 
or phenaceturic acid, as appropriate. 

Control experiments, in which hippuric or phenaceturic 
acid added to normal rabbit urine was estimated as above, 
showed that the method is capable of giving results within 
3% of the true value. The percentage recovery of hippuric 
acid was 98-99% and of phenaceturic acid 99-103%. 
Further experiments showed that the amount of sulphuric 
acid extracted by ether from aqueous solutions under the 
conditions described is negligible, and that warming the 
ether-soluble material with 0-1N-alkali for up to 15 min. 
does not affect the titration values. Treatment of benzamide 
and phenylacetamide with 0-1 N-alkali does, in fact, cause 
some hydrolysis (4% of benzamide and 20% of phenyl- 
acetamide were hydrolyzed, as calculated from the amount 
of ammonia formed), but under the conditions employed 
there is not sufficient loss of ammonia to make any significant 
difference to the titratable acidity. Thus, even in the pre- 
sence of unchanged amide, the results obtained would not 
be affected. 

Estimation of ethereal. sulphate. This was taken as the 
difference between total and inorganic sulphate as deter- 
mined by Folin’s method (1905-6). 

Estimation of reducing substances. The reducing power of 
the urine was determined using the Shaffer-Hartmann 
reagent described by Peters & Van Slyke (1932). The esti- 
mation was carried out by heating together reagent (10 ml.) 
and urine (10 ml.) in a boiling tube in a boiling water-bath 
for 15 min., cooling, acidifying with 5n-H,SO, (5 ml.), and 
titrating the iodine liberated with 0-1 N-thiosulphate. Cali- 
bration curves for the reagent were constructed using both 
glucose and glucuronic acid (as veratroyl glucuronide), and 
it was found that over the range of reducing values that 
can be estimated under our conditions the ratio of the 
reducing powers glucose: glucuronic acid was 1-08, the 
theoretical value. 

It was assumed that the increase in the reducing value of 
the urine caused by dosage was due solely to glucuronic 
acid in the form of an ester-type glucuronide. There is the 
theoretical possibility of the introduction into the molecule 
of a hydroxyl group, which might then be conjugated with 
glucuronic acid. This glucuronide would be of the non- 
reducing ether type and it would be necessary to hydrolyze 
it to liberate glucuronic acid before estimation by the 
Shaffer-Hartmann method. There is, however, the compli- 
cation that when normal rabbit urine is hydrolyzed (e.g. 
by treatment with 1/10 vol. cone. HCl in a boiling water- 
bath for 90 min.) there is a considerable increase in its 
reducing value (average 26%). Experiments in which urine 
from rabbits dosed with the substances under investigation 
was hydrolyzed showed that the increase in reducing value 
was not significantly greater than the increases obtained 
with normal urine. We conclude, therefore, that if any 
ether-type glucuronide is formed, the amount is too small 
to be detected with certainty by our method. 


RESULTS 


Normal ether-soluble acid excretion. This was 
established for seven rabbits by frequent analysis 
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of 24 hr. specimens of urine. While the variations 
in the day-to-day values were from 40 to 1010 mg. 
(as hippuric acid), the averages over periods of 
several days ranged from 306 to 553 mg. 

The actual nature of the normal ether-soluble 
acid was not investigated, save to show that ex- 
traction with boiling light petroleum (b.p. 40—60°) 
removed 10-25 % of the acidic material, this amount 
being equivalent to 50-100 mg. benzoic acid. This 
is of the same order as the amount of free benzoic 
acid in rabbit urine found by Raiziss & Dubin (1915). 

Ether-soluble acid excretion after doses of benzoic acid 
and benzamide. The doses given were 2g. sodium 
benzoate (equivalent to 1-7 g. benzoic acid) and 1-5 
or 2g. benzamide. At this dose level the former 
was not at all toxic, but benzamide appeared to 
have a slight narcotic action (cf. Nebelthau, 1895). 
The ‘extra’ ether-soluble acid, expressed as hippuric 
acid, excreted during 24 hr. immediately after the 
doses is shown in Table 1. In every case the excretion 


Table 1. Excretion of ‘extra’ ether-soluble acid (caleu- 
lated as hippuric acid) after doses of benzoic acid 
and benzamide 
Per- 

centage 

of dose 
excreted 
as ether- 
soluble 
acid in 

24 hr. 

(g-) after dose 

0-72 (49) 

1-00 68 

1-32 90 

1-27 86 

0-90 61 

1-46 (99) 

1-30 89 

1-05 724 

1-10 754 


Average 


‘Extra’ 
acid 
per g. 
benzoic 
acid or 
benz- 
amide 
given 


‘Extra’ 
acid 
excreted 
in 24 hr. 
(g-) 
1-22 
2-00 
2-64 
2-70 
1-53 
2-47 
2-20 
1-79 
1-86 


Rabbit 


no. 


Dose 


(g-) 


Sub- 
stance 
Benzoic 83 
acid 92 


77 


0-94 
1-38 
1-73 
1-80 
1-89 
2-10 
1-68 
1-84 
1-63 


0-62 (42) 
0-91 62 
1-14 77 
1-19 81 
1-25 85 
1-04 71 
1-12 76 
1-21 83° 
1-08 73° 


Benz- 
amide 


Average 76 


Notes: 

(i) The figures in brackets are not included in the 
averages. 

(ii) The base-lines used for the calculations are the 
averages of all normal values obtained. A probable ex- 
planation of very high and low values is that the actual 
base-line for the day of the experiment was towards the 
high or low extreme respectively of the base-line range. 

(iii) The results in Tables 1, 2 and 4 marked with similar 
signs (a—h) were obtained in the same experiment. 
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of ether-soluble acid returned to within the normal 
range within 24 hr. of the dose. 

An estimate of the amount of free benzoic acid 
excreted was made by extracting the ether-soluble 
extract with light petroleum, in which benzoic acid 
is soluble but hippuric acid is not, and titrating with 
NaOH as before. The amount of acidic material 
removed was very little greater than that. which 
could be extracted from the normal ether-soluble 
acid, indicating that the excretion of free benzoic 
acid is very small, usually less than 0-5 % of the 
dose. Tulane & Lewis (1933) found that rabbits 
excreted 0-4-1-6 % of a dose of benzoic acid in an 
unconjugated form in 6 hr. 

Hippuric acid could be isolated in good yield by 
ether extraction of the acidified urine passed after 
the administration of benzamide. 

Ether-soluble acid excretion after doses of phenyl- 
acetic acid and phenylacetamide. In general the 
doses given were 1-5 g. of either the acid or the 
amide. Phenylacetic acid had no apparent toxic 
action. In some cases, however, phenylacetamide 
caused paralysis of the hind limbs which lasted for 
several hours, but from which the rabbit recovered 
completely (cf. Nebelthau, 1895). The results ob- 
tained are given in Table 2. 

In most instances the excretion of ‘extra’ ether- 
soluble acid did not appear to be complete within 
24 hr., for in these cases the amount excreted during 
the second day was outside the normal range to an 
extent which would account for a further 5-39% 
of the dose. Tulane & Lewis (1933) state that 
phenaceturic acid is excreted more slowly than 
hippuric acid and that the excretion may be pro- 
longed for several days. In general agreement with 
this is our finding that while the average percentage 
of a dose of benzoic acid excreted as ether-soluble 
acid (assumed to be hippuric acid) in 24 hr. is 77, 
that of phenylacetic acid appearing as phenaceturic 
acid in the same time is only 53. The results of 
experiments in which excretion appeared to be com- 
plete in the first 24 hr. do not preclude the possi- 
bility that further small amounts of phenaceturic 
acid may be excreted during subsequent days, as 
these may not raise the excretion of ether-soluble 
acid above the upper level of the normal range. 

As in the case of benzoic acid and benzamide, the 
amount of acidic material removed from the ether 
extract by light petroleum was very little greater 
than from the extract of normal urine, indicating 
that there was no appreciable amount (less than 
0-5 %) of free phenylacetic acid present. Tulane & 
Lewis (1933) found that 0-4-3-1% of a dose of 
phenylacetic acid was excreted unconjugated. 

Phenaceturic acid was readily isolated from the 
urine after administering phenylacetamide by acidi- 
fication followed by ether extraction. No unchanged 
phenylacetamide was detected. 
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Table 2. Excretion of ‘extra’ ether-soluble acid (calculated as phenaceturic acid) 
after doses of phenylacetic acid and phenylacetamide 
‘Extra’ acid ‘Extra’ acid per g. Percentage of dose 
excreted in acid or amide excreted as ether- 

eee given (g.) soluble acid in 

Rabbit Dose Ist 24 hr. 2nd 24 hr, ————*————__, , a 

Substance no. (g.) (g.) (g.) Ist 24 hr. 2nd 24hr. Ist 24 hr. 2nd 24 hr. 
Phenylacetic acid 91 15 1-07 0-83 0-71 0-55 50 39 
1-5 1-13 0-25 0-75 0-17 53 12 
99 1-5 0-96 0-10 0-64 0-07 45 5 
1-5 2-06 0-30 1-37 0-20 (96) 14 
1-5 1-46 0-00 0-97 0-00 63° 0 
116 1-5 1-17 0-54 0-78 0-36 55f 25 

Average 53 

Phenylacetamide 91 1-5 1-15 0-75 0-76 0-50 54 35 
1-1 0-80 0-00 0-72 0-00 dl 0 
1-5 1-14 0-25 0-75 0-17 53 12 
99 1-5 1-29 0-25 0-85 0-17 60 12 
1-5 1-36 0-10 0-90 0-07 63 5 
1-5 1-08 0-00 0-72 0-00 51% 0 
116 1-5 0-52 0-42 0-35 0-28 (25)9 20 


Average 55 


See footnote to Table 1. 


Ethereal sulphate excretion. The normal range of 
daily ethereal sulphate excretion for six rabbits was 
found to be from 8 to 36 mg. SO,, the average values 
for individual rabbits ranging from 18 to 24 mg. 
After the administration of each of the four com- 
pounds under investigation, in no instance did the 
ethereal sulphate excretion increase decisively, for 


of the urines examined gave any coloration with 
ferric chloride after acid hydrolysis followed by 
neutralization. 


Table 4. Glucuronic acid conjugation 
of acids and amides 


(Ma 
in the cases where a small increase appeared to have ioe 
7 es ¢ 
taken place, the values were still within the normal esbetad - 
range, as is shown in Table 3, which contains typical excreted 
results. during Percentage 
24 hr. of dose 
Table 3. Ethereal sulphate excretion after ae —* 
administration of acids and amides glucuronic glucuronic 
ie a ee Rabbit acid) ping 
Bee i i; Z \ Dose Z, 24 hr. 
tion of normal range of = - . ‘ (mg-) 
ethereal daily daily 84 1-7 g. benzoic acid 197 vo 
sulphate excre- ethereal 99 1-7 g. benzoic acid 459 16-6: 
in 24hr. tion of sulphate 106 1-7 g. benzoic acid 156 5-7 
after ethereal excre- 116 1-7 g. benzoic acid 415 15-04 
Rabbit dose sulphate tion Average 10-7 
no. Dose mg.SO,) (mg.SO;) (mg. SO, 7 
8 sodi ( aa a) ( ae a) ( 18 9 s4 1:5 g. benzamide 103 4-2 
. = g- os — sy -“ ae 99 1-5 g. benzamide 111 4-5° 
eee 106 1-5 g. benzamide 56 2-3 
116 ~—s- 1-5 g. benzamide 33 22 11-26 : Pad ae ata : = 9b 
99  1-5g. benzamide 22 29 8-33 116 1-5 g. benzamide 139 5-3 
91 + 1-5g. benzamide 20 18 8-33 Average 4:2 
91 15 g. phenyl- 19 18 8-33 99 1-5 g. phenylacetic acid 181 8-3° 
: acetic acid A ; 106 1-5 g. phenylacetie acid 93 4:3 
106 1-5 g. phenyl- 30 19 11-26 115 1-5. phenylacetic acid = 111 5] 
116 Re ae ca 1 4 ie 11-26 116 1-5 g. phenylacetic acid 66 3-07 
5 ‘5 g. phenyl- 22 -2 : — 
‘ a , eee Average 5-2 
acetamide g 
99 1-5 g. phenylacetamide 137 6-3" 
Even if the slight increases in the cases of the 106 1-5 g. phenylacetamide 58 2-7 
. Ps : . . = i a a ga 7 2 
amides were taken to indicate the occurrence of a 115 —-1-5 g. phenylacetamide 27 L2 
116 1-5 g. phenylacetamide 123 5-69 


small amount of oxidation with subsequent conju- 
gation with sulphate, the extent of this would 
certainly be less than 2 % of the dose given. None 


/ 


| 


+ 
— 


Average 


See footnote to Table 1. 
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Normal reducing value of rabbit urine. Determina- 
tions of the reducing value of rabbit urine showed 
that the normal range was, in general, equivalent 
to 50-200 mg. glucuronic acid in 24 hr., average 
values for single rabbits ranging from 130 to 177 mg. 
These values agree with those (140-150 mg.) found 
by Hanson, Mills & Williams (1944), using a method 
of estimation based on the naphthoresorcinol colour 
reaction. 

Reducing values after the administration of acids 
and amides. The results obtained are shown in 
Table 4, which summarizes the excretion of ‘extra’ 
reducing substance (expressed as glucuronic acid) 
and gives the percentage of the doses conjugated 
with glucuronic acid and excreted in the 24 hr. 
immediately after dosing. In every case the re- 
ducing values during the second 24 hr. were within 
the normal range. 


DISCUSSION 


From the results presented above it appears that, 
in the rabbit, the metabolism of benzoic acid and 
benzamide, and of phenylacetic acid and pheny]l- 
acetamide, is similar in all the aspects studied, since 
the increases in the urinary excretion of ether- 
soluble acid, assumed for the purpose of this in- 
vestigation to consist of the glycine conjugates, and 
of copper-reducing substances, assumed to be 
glucuronic acid, are comparable in the case of each 
acid and amide. The only marked difference is 
between the increase in glucuronic acid excretion 
after administering benzoic acid and benzamide, 
the acid causing a greater increase than the amide 
(Table 4). This is hardly evident in the case of 
phenylacetic acid and phenylacetamide. The reason 
for this difference is not at present clear. Our 
further experiments upon substituted acids and 
amides may indicate whether it is confined to the 
unsubstituted compounds or is more general. 

It would seem, then, that the rabbit is able to 
hydrolyze the amide group to form the corre- 
sponding acid, which is then detoxicated. Our 
results show that, whereas the hydrolysis of benz- 
amide is virtually complete in 24 hr., only about 
60% of phenylacetamide can be accounted for in 
that time. The similar behaviour of phenylacetic 
acid suggests that the remaining 40 % of the amide 
is not excreted unchanged but is detoxicated and 
eliminated more slowly than benzamide. It is of 
interest to note that the presence of other groups 
in the benzene ring affects the stability of the amide 
group, since we have observed that m- and p-amino- 
benzamides are excreted partly as their N-acetyl 
derivatives, with the amide group intact. These 
compounds are at present under investigation. 

Inasmuch as the unsubstituted amides are con- 
verted to the acid in the rabbit, it may be argued 
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that the introduction of a hydroxyl group for de- 
toxication purposes is unnecessary. The fact that in 
our investigation we found no appreciable increase 
in ethereal sulphate suggests that no oxidation of 
this type occurs. Baumann & Herter (1877) found, 
in the dog, a slight increase in ethereal sulphate 
after benzamide, but also concluded that it was too 
small for any definite conclusion to be drawn. We 
have not been able to exclude finally the possibility 
that a small amount of an ether-type glucuronide 
may be formed, but if it is formed, the quantity is 
certainly very small. It appears, indeed, that 
oxidation followed by conjugation with sulphate or 
glucuronic acid does not occur to any appreciable 
extent. 

Our findings do not explain the pharmacological 


difference between the acids and their amides. At 


the dose levels used the acids are without toxic 
action, but both amides may have a mild narcotic 
action, phenylacetamide sometimes causing para- 
lysis. The site of the conversion of an amide to its 
acid is not yet definitely known. It might be brought 
about by proteolytic enzymes in the alimentary 
tract or it might take place after absorption, for 
example in the liver. In support of the latter possi- 
bility Gonnermann (1902) obtained evidence that 
benzamide could be hydrolyzed by sheep liver and 
kidney, but not by pepsin or trypsin. A further 
study of the hydrolysis of amides by enzymes and 
tissues would, however, be of value, for it might 
provide a clue to the reason for these differences in 
action which cannot be explained by the study of 
the urinary excretion of detoxication products. The 
simplest explanation of the differences observed is 
that the narcotic action is a property of the amide 
itself, and that the process of detoxication, which 
converts it to the corresponding (non-toxic) acid, 
is not complete, leaving some unchanged amide to 
exert its toxic action. 


SUMMARY 


1. The metabolism of benzoic acid and benzamide 
and of phenylacetic acid and phenylacetamide in 
the rabbit has been studied by the determination 
of the increase in excretion of ether-soluble acid 
(calculated as hippuric or phenaceturic acid) and 
reducing substance (calculated as glucuronic acid) 
caused by their administration. 

2. No appreciable difference was found between 
the metabolism of the acids and their amides, except 
that benzoic acid gave rise to a somewhai greater 
increase in reducing substance excretion than did 
benzamide. 

3. The percentage of a dose of benzoic acid ex- 
creted in 24 hr. conjugated with glycine was 77, and 
with glucuronic acid 11. The corresponding values 
for benzamide were 76 and 4, respectively. 
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4. The percentage of a dose of phenylacetic acid 
excreted in 24 hr. conjugated with glycine was 53, 
and with glucuronic acid 5. The corresponding 
values for phenylacetamide were 55 and 4, respec- 
tively. 

5. No significant increase in the excretion of 
ethereal sulphate was observed after the adminis- 


ELIMINATION OF ACIDS AND THEIR AMIDES 


139 


tration of any of the four compounds under investi- 
gation. 
We wish to express our thanks to Mr T. M. Dauncey and 
Mr P. 8S. W. Wilkins for assisting with some of the analyses. 
Part of the cost of this work was defrayed by a grant 
from the Lady Scott-Moncrieff Fund of the University of 
Birmingham. 
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Toxic Effects of Oxygen and of Hydrogen Peroxide 
on Brain Metabolism 


By P. J. G. MANN anv J. H. QUASTEL, Biochemical Laboratory, Cardiff City Mental Hospital 


(Received 23 October 1945) 


This paper describes the nature of the toxic action 
of oxygen upon the respiration of minced brain 
tissue, and gives an account of experiments under- 
taken to discover how oxygen at 1 atm. pressure 
inhibits brain respiration. These experiments are 
of a preliminary nature and the conclusions there- 


fore tentative.* 
RESULTS 


Rates of respiration of minced rat brain tissue 
in air or in oxygen 


The respiration of minced rat brain was examined in a 
Warburg manometric apparatus at 37° in an atmosphere 
of air or of oxygen. The tissue was minced with a scalpel 
or scissors, as quickly as possible after removal of the brain 
from the animal. It was well mixed with four times its 
weight of 0-9 % (w/v) NaCl solution, and 1 ml. of the 
suspension was added to a sodium phosphate buffer (pH 7-4 


LS 
* The work was discontinued early in 1941 to enable the 


authors to undertake other scientific work, and was reported 
to the Medical Research Council in the same year in view 
of the practical importance of toxic effects of oxygen at 
high pressure. Publication of the results was not allowed 
at the time. Subsequent to the finding of the facts stated 
in this paper came the publication of Elliott & Libet (1942) 
whose results largely confirm those stated here, and the 
review on oxygen poisoning by Stadie, Riggs & Haugaard 
(1944). Our results form the starting point of the more 
exhaustive work of Dr F. Dickens whose papers follow this 
(Dickens, 1946a, 5). 


0-02Mm)-Locke medium (NaCl 0-13mM; KCl 0-004m; CaCl, 
0-:002m) in a Warburg manometric vessel. The rates of 
oxygen uptake were recorded either in the absence of any 
added substrate or in the presence of 0-027 m-sodium lactate 
or 0-027M-sodium pyruvate or 0-05M-sodium succinate. 
When glucose was added, its final concentration was 0-01 M. 


In Table 1 are typical results showing the rates 
of respiration of the tissue under the varying con- 
ditions. In the absence of added substrate, the rate 
of respiration of the minced tissue diminishes rapidly 
with time, falling off more rapidly with oxygen than 
with air, and the rate of fall is greatest in the 
third hour. The respiration in the third hour is, 
with air, about 35 % of that in the first hour, whilst, 
with oxygen, it is about 20 % of that in the first 
hour. At the end of the third hour, the tissue is 
respiring about twice as rapidly in air as in oxygen. 

When glucose is present as substrate, the same 
phenomenon is seen (Exps. 3 and 4, Table 1), the 
rate of fall of respiration in the third hour with 
oxygen present being much greater than with air 
present. The percentage fall in the rate of respiration 
in one experiment was 33 with air, and 75 with 
oxygen (Table 1). The brain tissue may be respiring 
in air at the end of the third hour at even double 
the rate of that in oxygen, though the initial rates 
of respiration may be higher in oxygen than in air. 

The same phenomenon is exhibited by brain in 
the presence of sodium lactate (Exps. 5 and 6, 
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Comparison of rates of fall of respiration of minced rat brain tissue in air and in O, 


(About 0-2 g. of minced rat brain in 3 ml. 0-02M-sodium phosphate (pH 7-4)-Locke media with or without substrate, 


Gas: air or O,. Temp. 37°.) 


Exp. Substrate Atmosphere 
] None Air 
Oxygen 
2 None Air 
Oxygen 
3 Glucose (0-01 m) Air 
Oxygen 
1 Glucose (0-01 m) Air 
Oxygen 
5 Na lactate (0-027 m) Air 
Oxygen 
6 Na lactate (0-027 M) Air 
Oxygen 
7 Na lactate (0-027 m) Air 
Oxygen 
8 Na pyruvate (0-027 m) Air 
Oxygen 
9 Na pyruvate (0-027 m) Air 
Oxygen 
10 Na succinate (0-05m) Air 
Oxygen 
11 Na succinate (0-05) Air 
Oxygen 


Table 1) and in the presence of sodium pyruvate 
(Exps. 7 and 8, Table 1). 

When the brain tissue respires in the presence 
of sodium succinate, however (Exps. 10 and 11, 
Table 1), the rate of fall of respiration in air is, 
within experimental error, the same as that in 
oxygen. The few experiments which have been 
carried out with succinate, under the given con- 
ditions, show that oxygen does not exert quanti- 
tatively the same toxic effect on the system 
concerned with the oxidation of succinate as on 
that of glucose, lactate or pyruvate. 


Anaerobic metabolism of brain tissue after 
exposure to air or to oxygen 


Ferricyanide reduction. Since the respiration of 
brain in presence of sodium lactate falls off more 
rapidly in oxygen than in air, experiments were 
undertaken to discover whether a gradual in- 
activation of lactic dehydrogenase would account 
for the difference. 


The method adopted was that of Quastel & Wheatley 
(1938),* in which the dehydrogenase activity of tissues is 
examined manometrically. It depends upon the measure- 


* The reader is referred to this paper for full experimental 
details. 











% fall of 
Oxygen consumed (yl. respiration 
, 7s (ul.) ‘ in third hour 
First hour Second hour Third hour _ A-C x 100 
(A) (B) (C) A 
137-8 103-2 44:5 67 
128-2 69-3 18-0 86 
165-7 100-9 62-8 62 
156-6 75-5 36-8 76 
225°3 190-1 150-9 33 
255-4 180-1 102-4 60 
171-0 160-0 114-6 33 
179-3 131-3 44-6 15 
262-1 232-2 2153 18 
245-5 213-0 143-3 42 
237-4 211-3 172-9 27 
243-9 157°3 83-9 66 
263-1 217-5 191-4 27 
274-3 189-0 119-0 57 
242-4 197-8 163-4 33 
238-1 136-3 83-4 65 
298-4 260-9 217-9 23 
280-2 194-2 162-5 42 
300-1 2725 214:8 28 
328-6 285-1 2113 35 
269-0 198-8 166-2 38 
267-7 189-3 156-8 4] 





ment of the rate of output of CO, when the dehydrogenase, 
in presence of its substrate, reacts anaerobically with sodium 
ferricyanide in a bicarbonate medium. Reduction of ferri- 
cyanide to ferrocyanide is accompanied by acid production 
which brings about liberation of CO, from the bicarbonate 
present. 

When lactic dehydrogenase activity is examined by this 
technique it is necessary that HCN is present to fix the 
pyruvate, which would otherwise inhibit the system. In 
view of the findings of Mann & Quastel (1941), cozymase 
and nicotinamide must be present. Cozymase is broken 
down by the brain nucleotidases and would be absent 
from brain after incubation for 3 hr. at 37°, and must be 
added to complete the lactic dehydrogenase system. 
Nicotinamide must also be added to inhibit, specifically, 
the breakdown of the added cozymase by the tissue. 


Typical results of an experiment (Table 2) make 
clear that exposure of brain tissue to oxygen brings 
about no apparent diminution of lactic dehydro- 
genase activity. This enzyme system, lactate-lactic 
dehydrogenase-cozymase-ferricyanide, has the same 
activity whether the tissue is exposed for 3 hr. to 
air or to oxygen at 1 atm. pressure. The inhibitive 
effect of oxygen on brain respiration in presence 
of lactate must clearly be operative on a factor 
other than lactic dehydrogenase itself. 

Methylene-blue reduction. Minced brain tissue in 
presence of either glucose or lactate in a phosphate- 
Locke medium was exposed for 3 hr. to air or oxygen, 
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Table 2. Lactic dehydrogenase activities of brain 
tissue after exposure to air or O, 


(0-2 g. of minced rat brain was incubated for 3 hr. at 37° 
in phosphate-lactate medium in either air or O,. Tissue 
suspension was then centrifuged and washed with 3 ml. 
Locke medium. Washed tissue was resuspended in 0-025m- 
bicarbonate-Locke medium with addition of 1 mg. cozymase, 
0-3 ml. of .10 % nicotinamide solution and 0-05m-NaCN. 
Ferricyanide-bicarbonate was placed in side tube. To one 
pair of tissues originally exposed to either air or O, no 
additional substrate was added; to another pair sodium 
lactate was added. Gas: 95 % N,+5 % CO,. Temp. 37°.) 


Substrate added 
Atmosphere _ in subsequent 
in which pre- _ part of experi- 


liminary incu- ment when ferri- CO, produced 


bation of tissue cyanide was in 30 min. 

in phosphate- added under (ul.) 

lactate medium _ anaerobic a 

was carried out _— conditions Exp. 1 Exp. 2 
Air None 41-5 54:5 
Oxygen None 45-0 49-1 
Air Lactate 162-9 148-3 
Oxygen Lactate 186-4 163-6 


and the suspension was then transferred to a Thun- 
berg tube. The tube was evacuated and the rate 
of methylene-blue reduction was recorded. The re- 
duction time with brain tissue previously exposed 
to oxygen was always greater than that obtained 
with tissue previously exposed to air (Table 3). 


Table 3. Rates of methylene-blue reductions by 
brain tissue after exposure to air or O, 


(0-2 g. of minced rat brain was incubated in the Warburg 
manometric apparatus in phosphate-Locke medium with 
or without substrates for 3 hr. at 37°. Tissue suspension 
then transferred to Thunberg vacuum tubes and 1 ml. 
methylene-blue solution (1/10,000) added to each. Times 
of reduction of the methylene blue in vacuo at 37° were 
measured.) 


Subsequent 
Atmosphere reduction 
Substrate with in which the time of 
which brain was brain was methylene 
incubated in initially blue 
first 3 hr. incubated (min.) 
None Air 51 
None Oxygen 86 
Glucose (0-01) Air 19 
Glucose (0-01 Mm) Oxygen 74 
Lactate (0-027 Mm) Air 6 
Lactate (0-027) Oxygen 26 


The experiment was repeated with the modifica- 
tion that the tissue suspension after exposure to 
air or oxygen was centrifuged and washed with 
saline before transference to a Thunberg vacuum 
tube containing sodium lactate solution and methy- 
lene blue. After evacuation, substantially similar 
results were obtained, i.e. times of reduction of the 
dye with brain tissue previously exposed to oxygen 
were greater than those with brain tissue previously 
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exposed to air. Thus in one instance the reduction 
time with oxygen-exposed brain was 19 min. and 
that with air-exposed brain was 10-5 min. 

These results with methylene-blue reduction 
suggest that the site of the toxic effect of oxygen 
lies in that part of the respiratory chain inter- 
mediate between cozymase and methylene blue. 
The possibility that the flavoprotein, diaphorase, 
was the factor involved was made unlikely by the 
fact that the difference between the reduction times 
of methylene blue disappeared when to the tissue 
was added a mixture of HCN, cozymase and 
nicotinamide (Table 4). It is evident that dia- 
phorase is not affected by exposure to oxygen. 


Table 4. Rates of methylene-blue reduction by brain 
tissue, in presence of cozymase and nicotinamide, 
after exposure to air or O, ° 


(0-2 g. of minced rat brain was incubated in a Warburg 
apparatus in phosphate-Locke medium with or without sub- 
strate for 3 hr. in either air or O,. Tissue was centrifuged, 
washed with saline, and resuspended in the Warburg flask 
medium containing 0-025m-NaHCO,-Locke solution, 1 mg. 
cozymase, 0-3 % nicotinamide and 0-05m-NaCN (made 
neutral with HCl). The medium contained either 0-027 m- 
sodium lactate or no substrate. 0-2 ml. methylene-blue 
solution (1/1000) was placed in side tube of flask. After 
anaerobic conditions were established by gassing with 95 % 
N,+5 % CO,, with yellow P in centre tube of flask, methy- 
lene blue was tipped into the brain suspension.) 


Conditions of Substrate for Reduction 


exposure in the methylene-blue time 
first 3 hr. reduction (min.) 
No substrate. Air No substrate 30 
No substrate. Oxygen No substrate 30 
Sodium lactate. Air Sodium lactate 8 
(0-027) (0-027 m) 
Sodium lactate. Oxygen Sodium lactate 7 
(0-027 m) (0-027) 


Pyruvic oxidase. The difference- between the re- 
duction times of methylene blue (Table 3) might 
be due to the higher accumulation of pyruvate 
in the brain tissue exposed to oxygen. It is weil 
known that if pyruvate produced by lactate oxida- 
tion is not removed either by adequate respiratory 
activity or by a fixative such as cyanide, its 
accumulation causes inhibition of the lactic de- 
hydrogenase. However, if the differences between 
the rates of methylene-blue reduction recorded in 
Table 3 were due to different rates of pyruvate 
accumulation, simple washing of the tissue should 
cause the subsequent rates of reduction in presence 
of lactate to be identical. This is not the case, and 
the possibility that pyruvate accumulation accounts 
for the longer reduction time with brain exposed 
to oxygen may be discarded. 

When brain tissue is allowed to respire in a 
pyruvate-phosphate-Locke medium in air or in 
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oxygen for 3 hr. at 37° and the tissue is then centri- 
fuged and washed, the tissue exposed to oxygen 
gives in presence of pyruvate (0-027m) and methy- 
lene blue a much longer reduction time than that 
exposed to air (under the experimental conditions 
stated in Table 3). For example, in one experiment, 
the reduction time of 0-2ml. methylene blue 
(1/1000) was 30 min. for tissue exposed to oxygen 
and 7-5 min. for tissue exposed to air. It is apparent, 
therefore, that the toxic effect of oxygen may be 
located in the enzymic mechanisms responsible for 
the oxidation of pyruvate. At least two possibilities 
present themselves: (a) the enzyme pyruvic oxidase 
is poisoned by high tensions of oxygen, a likely 
possibility if the enzyme is a thiol protein; 
(6) pyruvic oxidase activity involves a flavoprotein 
sensitive to oxygen. 


Table 5. Xanthine oxidase activities of liver 
after exposure to air or Og or Ng 


(Rat liver was finely suspended, after chopping, in twice 
its weight of saline. 1 ml. of the suspension after dialysis 
was added to a Warburg manometer vessel containing 
sodium phosphate buffer, pH 7-4, whose final concentration 
was 0-03mM. Hypoxanthine was made up in a 0-05M 
solution in 0-05n-NaOH. 0-2 ml. of this solution was placed 
in a side tube of the manometer vessel and tipped in a main 
vessel after thermal equilibrium. Where hypoxanthine was 
used, the phosphate buffer in the main vessel was pH 7-1; 
this became pH 7-4 after tipping in the hypoxanthine (cf. 
Ball, 1939). Experiments were carried out in air and in 
oxygen at 37°.) 

Oxygen uptake (yl.) in 
ool 
First Second Third 


Exp. 
1 


Substrate 
None. Air 
None. Oxygen 


Hypoxanthine 
(0-003). . Air 


Hypoxanthine 
(0-003M). Oxygen 


Liver suspension alone 


Liver suspension plus 
0-003 M-hypoxanthine 


Liver suspension pre- 
viously incubated for 
1 hr. in oxygen 


Liver suspension (pre- 
viously incubated for 
1 hr. in oxygen) plus 
hypoxanthine 


Liver suspension pre- 
viously incubated for 
1 hr. in nitrogen 


Liver suspension (pre- 

viously incubated for 
1 hr. in nitrogen) 
plus hypoxanthine 


hour hour hour 
23-3 29-6 9-0 
22-6 28-2 6-8 
115-2 99-3 28-2 


104-2 48-3 11-2 


55°8 
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Susceptibility of flavoproteins to oxygen poisoning 


At least one flavoprotein, diaphorase, seems 
unaffected by oxygen under our experimental 
conditions. Xanthine oxidase—presumably a flavo- 
protein—can be inactivated by traces of H,0, 
(c. 10-*m) produced during the oxidation of the 
substrate by its enzyme (Bernheim & Dixon 1928; 
Dixon 1925). It is easy to show that xanthine 
oxidase of liver—in presence of hypoxanthine—is 
inhibited by oxygen to a much greater extent 
than by air. Moreover, the enzyme preparation is 
inhibited by oxygen even when no substrate is 
added, though it is likely that traces of substrate 
are still present in the enzyme preparation (Table 5). 

Precisely similar results are obtained when a 
saturated benzaldehyde solution is substituted for 
the hypoxanthine solution (care is taken in experi- 
ments with benzaldehyde to omit potassium hy- 
droxide from the inner cups of the manometer 
vessels) (Table 6). 


Table 6. Benzaldehyde oxidation by liver suspension 
after exposure to O, or N 


(Conditions as in Table 5, but benzaldehyde (a saturated 
aqueous solution) substituted for hypoxanthine. 2-0 ml. 
liver suspension taken. 37°.) 

. Op (ul) 
taken up 
in first 
Conditions of the experiment hour 

Suspension alone 56-5 

Suspension alone plus 1 ml. of 115-6 
benzaldehyde solution 

Suspension alone previously ex- 26-2 
posed to O, for 1 hr. 

Suspension alone previously ex- 37-1 
posed to O, for 1 hr. plus 1 ml. of 
benzaldehyde solution 

Suspension alone (previously ex- 
posed to N, for 1 hr.) 

Suspension alone (previously ex- 
posed to N, for 1 hr.) plus 1 ml. of 
benzaldehyde solution 


Another flavoprotein—d-amino-acid oxidase— 
shows greater sensitivity to oxygen than to air, 
but is protected from inactivation by the substrate, 
e.g. dl-alanine (Table 7). 

The protection of d-amino-acid oxidase by its 
substrate from the toxic influence of oxygen dis- 
tinguishes, to some extent, this enzyme from that 
involved in the pyruvate oxidizing system in brain. 
Here, as already stated, the respiratory system is 
gradually inactivated by oxygen even in the 
presence of the substrate, but clearly the experi- 
mental results are insufficient to decide whether 
pyruvate exerts any protective action or not. 

The results which have been recorded make it 
obvious that flavoproteins may be inactivated by 
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Table 7. d-Amino-acid oxidase activities of kidney 
extracts after exposure to air, O, or Ng 


(d-Amino acid oxidase preparation was made by grinding 
rat kidneys with sand and ten times their weight of water. 
The suspension was centrifuged. 1 ml. of the supernatant 
fluid was used as the source of the enzyme. Rates of oxygen 
uptake were observed in the Warburg manometric appa- 
ratus, the manometer vessels containing the enzyme 
preparation, phosphate buffer (0-03m), pH 7-4 and dl- 
alanine (M/15) as substrate. Gas: air or oxygen. 37°.) 


O, uptake (ul.) in 
A 


eee ee 
Second Third 


First 
hour hour _ hour 
Exp. 1 
di-Alanine. Air 145-6 98-2 75:3 
dl-Alanine. Oxygen 177-7 88-5 53-3 
Exp. 2 
Enzyme preparation (pre- 133-1 _— — 
viously exposed to nitro- 
gen for 1 hr. at 37° in 
absence of dl-alanine) plus 
dl-alanine 
Enzyme preparation (pre- 205-9 — — 


viously exposed to nitro- 
gen for 1 hr. at 37° in 
presence of dl-alanine) plus 
dl-alanine 


Enzyme preparation (pre- 15+ 
viously exposed to oxygen 

for 1 hr. at 37° in absence 

of dl-alanine) plus dl- 

alanine 


| 
| 


Enzyme preparation (pre- 159-7 — — 
viously exposed to oxygen 

for 1 hr. at 37° in pre- 

sence cf dl-alanine) plus 

dl-alanine 


oxygen and conceivably pyruvic oxidase may lie 
in the class of oxygen-sensitive flavoproteins. It 
would be simpler, however, to interpret the toxic 
influence of oxygen as due to its inactivation of 
thiol groups, essential for the activity of the oxygen- 
sensitive enzymes. Barron (1936) has found that 
pyruvate oxidation of gonococci is sensitive to 
atmospheric oxygen and is inhibited by very low 
concentrations of quinone. The thiol-enzyme urease 
is inhibited by very low concentrations of quinones 
(Quastel, 1933) whose reactions with thiol com- 
pounds have been described by Snell & Weisberger 
(1939). Peters (1937) has already suggested the 
thiol nature of pyruvate oxidase, and the recent 
work of Barron & Singer (1945) confirms this. 


Effects of hydrogen peroxide 


The addition of small quantities of hydrogen 
peroxide to minced brain tissue has effects on its 
respiration very similar to those brought about by 
its exposure to oxygen (Table 8). The toxic action 
of the hydrogen peroxide is greatly increased by 
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the presence of sodium azide which presumably 
inactivates the catalase present. 


Table 8. Effects of H,O, on brain respiration 


(About 0-2 g. of minced rat-brain tissue was added to 
phosphate-Locke media (to give a total volume of 3 ml.) 
in Warburg manometric vessels, as described under Table 1. 
To the brain suspension was added hydrogen peroxide, 
with or without 0-002 M-sodium azide. The media contained 
either no added substrate, or sodium lactate (0-027M) or 
sodium succinate (0-05m). Rates of oxygen uptake in 
atmosphere of air only. 37°.) 

O, taken up 


Substances added to the in first hour 


tissue suspension (ul.) 
Exp. 1 
Sodium lactate 290-7 
Sodium lactate plus 0-002 m- 222-2 
sodium azide 
Sodium lactate plus 0-2 ml. 258-8 
of 0-02 vol. H,O, (=4 yl. 
Oz) 
Sodium lactate plus 0-2 ml. 85-3 


of 0-02 vol. H,O, plus 
0-002 m-sodium azide 


Exp. 2 
0-2 ml. of 0-02 vol. H,O, 155-8 
0-2 ml. of 0-02 vol. H,O, 38-4 
plus sodium azide 
0-2 ml. of 0-02 vol. H,O, 251-3 


plus sodium lactate 


0-2 ml. of 0-02 vol. H,O, 61-3 
plus sodium lactate 
plus sodium azide 


0-2 ml. of 0-02 vol. H,O, 362-1 
plus sodium succinate 
0-2 ml. of 0-02 vol. HO, 263-1 


plus sodium succinate 
plus sodium azide 


Results indicate that respiration of brain tissue 
in presence of lactate is reduced after exposure to 
concentrations of hydrogen peroxide of the order 
of 0-0001m, the reduction of respiration being 
greatly enhanced by the simultaneous addition of 
0-002M-sodium azide. The inhibitive effect of the 
hydrogen peroxide on the respiration of minced 
brain tissue in presence of sodium succinate and 
sodium azide is less than on that of the tissue in 
presence of sodium lactate and sodium azide. 

The toxic effects of hydrogen peroxide may be 
seen in the subsequent rates of reduction of methy- 
lene blue in presence of sodium pyruvate by the 
brain tissue after exposure to small quantities of 
hydrogen peroxide in presence of sodium azide 
(Table 9). The experimental results show that 
hydrogen peroxide at a concentration of the order 
of 0-0001M, in the presence of sodium azide, greatly 
inhibits the pyruvate oxidizing system, and that 
the presence of lactate in the brain does not protect 
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its respiratory system from the toxic effects of 
hydrogen peroxide. 

Although few, the experiments with hydrogen 
peroxide indicate a distinct possibility that the 
toxic action of oxygen on brain respiration may be 
due to the intermediate formation of hydrogen 
peroxide. The latter may operate in the cell at 
concentrations below the threshold for breakdown 
by catalase, or, conceivably, by coupled oxidation 


Table 9. Effects of H,O, on methylene-blue reduction 
by minced brain in presence of pyruvate 


(About 0-2 g. minced rat-brain tissue was added to 
phosphate-Locke media (to give 3 ml.) in Warburg mano- 
meter vessels, as described under Table 1. To these media 
were added sodium lactate (0-027), sodium azide (0-002) 
or hydrogen peroxide or combinations of these. They were 
incubated in air for 1 hr. At the termination of this period, 
the tissue suspensions were centrifuged and washed and 
added to 3 ml. pyruvate (0-027m)-Locke media containing 
0-15 ml. of methylene-blue solution (1/1000). The rate of 
reduction of the dye under anaerobic conditions was 


recorded.) : 
Subsequent times 


of reduction 
of methylene 
blue, in presence 
of sodium pyru- 
vate, under 
anaerobic 
conditions 
(min.) 


Substances present in preliminary 
aerobic incubation of 1 hr. 
at 37 
Exp. 1 
Sodium lactate “75 
Sodium lactate and sodium 
azide 
Sodium lactate plus 0-2 ml. 
0-02 vol. H,O, 
Sodium lactate plus 0-2 ml. 
0-02 vol. H,O, plus sodium 
azide 
Exp. 2 
0-2 ml. 0-02 vol. H,O, 
0-2 ml. 6-02 vol. H,O, plus 
sodium azide 
Sodium lactate plus 0-2 ml. 
0-02 vol. H,O, 
Sodium lactate plus 0-2 ml. 
0-02 vol. H,O, plus sodium 
azide 
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in the presence of catalase (Keilin & Hartree, 1936; 
Pugh & Quastel, 1937). 

Whether or not hydrogen peroxide formation is 
indispensable for the development of oxygen 
toxicity in brain respiratory systems, it is evident 
that there is much in common between the effects 
of oxygen and of hydrogen peroxide. This would 
be readily explained if the factor primarily in- 
volved is a thiol enzyme such as pyruvic oxidase, 
and if, therefore, the metabolic process most con- 
cerned in oxygen toxicity is that concerned with 
the breakdown of pyruvic acid in the brain. The 
admittedly few experiments which we have been 
able to carry out so far have led us to this con- 
clusion. 

SUMMARY 


1. The respiration of minced brain tissue falls 
off to a greater extent in the presence of oxygen 
than in the presence of air, particularly when the 
respiration of brain takes place in the presence of 
glucose, sodium lactate or sodium pyruvate. The 
respiration of minced brain in presence of sodium 
succinate appears not to be so oxygen-sensitive. 

2. The lactic dehydrogenase activity of brain is 
not affected by exposure of brain to oxygen. 

3. Diaphorase of brain tissue is not inhibited by 
exposure to oxygen. 

4. The evidence points to the pyruvate oxidizing 
system as constituting that part of the brain 
respiratory system most sensitive to oxygen. 

5. d-Amino-acid oxidase is poisoned by exposure 
to oxygen, but the enzyme is protected by the 
presence of its substrate. Xanthine oxidase is 
poisoned by oxygen, probably through the inter- 
mediate formation of hydrogen peroxide. 

6. It is suggested that pyruvate oxidase, as a 
thiol enzyme, is the factor which is poisoned by 
high tensions of oxygen. This may be accomplished 
either by oxygen itself, or by hydrogen peroxide 
which it is shown exerts similar toxic effects, 
especially in the presence of sodium azide, on brain 
respiration. 


Our grateful thanks are due to the Medical Research 
Council and to the Rockefeller Foundation for grants which 
made the work possible. 
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The Toxic Effects of Oxygen on Brain Metabolism 
and on Tissue Enzymes 


1. BRAIN METABOLISM 


By F. DICKENS, National Institute for Medical Research, London, N.W. 3, and Cancer 
Research Laboratory, Royal Victoria Infirmary, Newcastle-upon-Tyne 


(Received 23 October 1945)* 


Although the convulsive effects of exposure of 
animals and man to high oxygen pressurest have 
been known since Paul Bert (1878) first described 
the strychnine-like convulsions caused by breathing 
pure oxygen at about 4 atm. pressure, it is a re- 
markable fact that the effects of H.o.P. on the 
metabolism of the central nervous tissues have not 
been investigated hitherto. One would have ex- 
pected this study to be stimulated by the close 
resemblance between oxygen convulsions and other 
types of convulsion which are definitely central in 
origin, a resemblance which is fully supported by 
the close similarity of the cortical electrical changes 
in both types of convulsion. Yet such work that 
has been already done is almost entirely confined 
to the effects of oxygen pressure on muscle (Bean 
& Bohr, 1938, 1940), investigations which have 
influenced these authors to ascribe rather a high 
importance to these peripheral changes in relation 
to the general effects produced. This, however, is 
hardly justifiable until simiiar studies have shown 
that the central nervous system is, in fact, less 
susceptible than muscle to oxygen. It may be said 
at the outset that it seems from our results that 
the reverse is true, and that brain cortex is one of 
the most sensitive tissues in the body to poisoning 
by high-pressure oxygen. This finding is more in 
accord with the views expressed by Behnke, 
Johnson, Popper & Motley (1935), who consider 
that the toxic effects of oxygen are referable mainly 
to a direct toxic action on the nervous system. 
Whatever the physiological mechanism may be, 
a qualitative and quantitative examination of the 
poisoning of brain respiration by H.O.P. would seem 
to be a primary step towards its elucidation. There 
seems to be only one publication, that of A. L. 
Meyer (1927), relating to the effect of H.o.P. on 


* This work was completed and submitted as a Con- 
fidential Report (No. R.N.P. 44/146, U.P.S. 51) to the 
Royal Naval Personnel Research Committee of the Medical 
Research Council in March 1944. The experimental material 
of the present paper is the same, but the Discussion has 
been brought up-to-date. 

t+ Abbreviated to H.0.p. This term is used to denote 
pressures of oxygen above one atmosphere. 


brain metabolism; this, however, records merely 
the diminished oxidation of guaiacum by hydrogen 
peroxide when these reagents are added to brain 
tissue, after the latter had been exposed to 4 atm. 
of oxygen for 4 hr. The reaction studied bears no 
clear relationship to the energy-yielding processes 
of brain, and the observations hardly warrant the 
author’s conclusion that H.o.P. ‘appears to exert 
a definite retarding influence on the metabolic 
activity of brain tissue’. 

During the course of this investigation we have 
received a number of valuable personal communica- 
tions from Stadie (1943) who has been investigating 
similar effects to those reported here. 

As distinct from the effects of high oxygen 
pressures, those of oxygen at 1 atm. on brain 
metabolism have been the subject of two quite 
recent investigations. At the commencement of 
this work, in March 1943, Quastel (1943) reported 
to us some unpublished experiments made earlier 
by Mann & Quastel, and now released for publica- 
tion (Mann & Quastel, 1946). They had found that 
the oxygen uptake of chopped or sliced rat brain 
in presence of glucose was better maintained in air 
than in oxygen at 1 atm. They also found that, 
whereas the oxidation of lactate and pyruvate was 
similarly poisoned by oxygen at 1 atm., that of 
succinate was not, when brain suspensions were 
used. The experiments to be described confirm the 
greater susceptibility of the glucose, lactate and 
pyruvate oxidation systems, especially in tissue 
slices. Quastel & Mann found that the toxic effect 
of oxygen on tissue oxidation could be duplicated 
by the addition of small quantities of hydrogen 
peroxide, and they tentatively suggested that the 
mechanism of oxygen poisoning might be a very 
slow formation of hydrogen peroxide, in amount so 
low that its rate of reaction with catalase might 
be too slow for its effective detoxication by this 
enzyme. They also suggested that damage to a 
flavoprotein constituent of the respiratory system 
of brain might be a factor in oxygen poisoning, 
but their experimental evidence was insufficient to 
prove either of these hypotheses. Nor have we been 
able to obtain any positive evidence for either of 
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these views; on the contrary, we advance a dif- 
ferent hypothesis, but the nature of the two 
mechanisms suggested by Mann & Quastel makes 
their direct experimental proof extremely difficult. 
The evidence presented in this and the following 
paper (Dickens, 1946) is, on the whole, against the 
importance of either mechanism in oxygen poisoning 
of brain.* 

Elliott & Libet (1942), who of course had no 
knowledge of this work of Mann & Quastel, pub- 
lished essentially similar findings with regard to the 
effect of oxygen at 1 atm. on the oxidation of 
glucose by finely homogenized brain and by slices 
of brain cortex. In their experiments with the 
former material in presence of glucose the rate of 
oxygen uptake in pure oxygen was equal to that 
in air during the first hour of the experiment, but 
it fell off slightly during the second hour, and ‘in 
the third hour and fourth hour it was only about 
55 and 35 %, respectively, of the rate in air’. With 
slices of cortex they found that, owing to the better 
penetration of oxygen into the slice, the respiration 
rate was initially higher in oxygen than in air, 
but in oxygen it fell much faster, until in the third 
and fourth hours it was only 80 and 40 % of that 
in air. They concluded: ‘These observations of the 
slowly developing inhibitory effects of high oxygen 
tension on brain-tissue respiration may be related 
to the fact that prolonged oxygen breathing has 
adverse effects and that oxygen under increased 
pressure can produce convulsions in experimental 
animals and in man.’ 

It is important to note that Elliott & Libet used 
for the suspension of the brain tissue a saline 
medium which departed widely from the usual 
Ringer’s solution, in that it contained potassium 
and sodium ions, but no calcium or magnesium. 
As will be shown below, the absence of these divalent 
cations was probably partly responsible for the very 
large effect of oxygen at 1 atm. pressure which 
Elliott & Libet observed; our own observations, 
made in Ringer’s solution containing calcium ions, 
showed considerably less toxic effect of oxygen at 
1 atm. Their experimental conditions were thus 
extremely favourable for revealing this otherwise 
rather feebly toxic action. 

Since this investigation is confined almost entirely 
to brain tissue it is not proposed to review here 
work on other tissues, which is admirably sum- 
marized by Stadie, Riggs & Haugaard (1944). From 
their review the following apt quotation from Paul 
Bert (1878) may be extracted: ‘One finds clearly 


* Dr Quastel kindly informed us of these preliminary 
findings, and has discussed with us the whole question from 
time to time in the light of the experiments to be described. 
These discussions have been very helpful throughout. The 
paper of Mann & Quastel (1946) appears simultaneously 
with the present publication. 


demonstrated the apparently paradoxical result 
that under the influence of very high oxygenation 
of the blood, the tissues oxidize less, organic com. 
bustions diminish in energy, production of carbon 
dioxide, excretion of urine, the destruction of sugar 
in the blood are diminished, and that as a result 
temperature falls.’ As far as these conclusions can 
be applied to isolated brain tissue, it will be shown 
in this paper that they are amply confirmed. 


EXPERIMENTAL 
High-pressure methods 


The dearth of publications on the toxic effect of 
H.O.P. on brain metabolism and upon tissue enzymes 
is undoubtedly due to technical difficulties in the 
measurement of tissue respiration and enzyme 
activity under pressure. One possible solution was 
indicated by the work of Libbrecht & Massart 
(1937), who enclosed Warburg manometers in a 
pressure tank only 1m. high and 60cm. in dia- 
meter, fitted with external controls. A much- 
improved version of this type of apparatus has been 
described fully by Stadie & Riggs (1944) ; the latters’ 
description makes it evident that an efficient 
apparatus of this kind demands elaborate engi- 
neering construction. 

In order to by-pass this difficulty, two ways will 
be described for the measurement of metabolic 
reactions during and after exposure to oxygen under 
pressure. In the first (A, below), the manometric 
apparatus used for measurement of tissue meta- 
bolism was included, together with the observer, in 
a large pressure chamber, and then the pressure 
inside the chamber was raised to the desired level. 
This method permits continuous readings of the 
metabolic exchange while under pressure, but is 
limited to pressures at which nitrogen intoxication 
of the observer is insufficient to prevent reliable 
readings. The long decompression time necessary 
to avoid ‘bends’ in the observer is also inconvenient 
at higher pressures, but the advantage of a con- 
tinuous record offsets these drawbacks. 


This method has one considerable advantage over that 
of Stadie & Riggs, in that any kind of manipulation of the 
manometers can be done as easily as in the laboratory, 
since the observer is inside the chamber. For example, 
it is easy to fill some manometers with air and others with 
oxygen while under pressure, and in fact controls in air 
were regularly run for comparison with specimens of the 
same material (e.g. brain slices) in oxygen in one and the 
same experiment. The oxygen may be displaced from any 
vessel at any stage of the experiment, and reagents or sub- 
strates may be tipped in from one or two side-bulbs attached 
to the manometer vessel. All these things would involve 
extreme elaboration if they were to be done in a sealed 
tank from the outside. 
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The second method (B, below) is very simple but 
does not permit continuous readings; it has enabled 
much work to be done while the large compression 
chamber was in use for other purposes. 


A. Manometric measurement of tissue metabolism and of 
enzyme activity under pressure, using the large compression 
chamber. The compression chamber, of 95001. capacity, 
was that originally used by Boycott, Damant & Haldane 
(1908). A working bench was installed, and a compact type 
of Warburg manometric apparatus was constructed, capable 
of holding seven open-type Haldane-Barcroft-Warburg 
manometers in the usual shaking arrangement (cf. Warburg, 
1930). The water-bath was electrically heated and its tem- 
perature was maintained at 37-5° by means of a hand- 
operated series-parallel switch ; this simple expedient worked 
quite satisfactorily and avoided sparking, which might 
have been troublesome with the usual thermoregulator 
circuit. 

The animal tissue or enzyme preparation was placed in 
the Warburg vessels outside the chamber; these were con- 
nected to their manometers, and the whole arrangement 
was passed through the manhole into the chamber, followed 
by the observers, who were then sealed in. At this stage 
the manometer vessels were shaking in the bath at 37-5° 
at the rate of 90 swings/min., which was maintained 
throughout. The upper taps of the manometers being open 
to the air of the chamber, the pressure was raised to the 
desired level, usually 3-4 atm. No change of level of the 
manometers occurred, since both limbs were open. One 
extra vessel, containing no tissue or enzyme, was always 
used as a thermobarometer to correct all the readings for 
any fluctuations in the temperature of the bath or the 
pressure within the chamber. The shaking rapidly caused 
the vessel contents to come into equilibrium with the rising 
pressure during compression. As soon as the chosen chamber 
pressure was attained, the upper limbs of those manometers 
which were to be filled with oxygeu were connected to an 
oxygen cylinder and the gas was passed through the shaking 
vessels for 3 min., the tap-form stoppers of the vessels 
allowing the oxygen stream to escape during this process. 
The taps of all the vessels, including any that were to be 
left filled with air instead of oxygen for comparison pur- 
poses, were then closed, and the oxygen cylinder was 
disconnected. 

Readings of the oxygen uptake were begun within a few 
minutes, and were continued at 20 min. intervals during 
the whole experimental time, which was usually 3} hr., 
excluding the time required for decompression. In some 
cases readings were also taken at each stage of the decom- 
pression: since the taps had to be opened during decompres- 
sion, the oxygen in the oxygen-filled vessels was largely 
replaced by air during decompression. 

The accuracy was quite satisfactory, being only a little 
less than with the usual experiments at room pressure. 
Apart from the effects of nitrogen on the observers, which 
they confidently believe were very slight, the main addi- 
tional error in the high-pressure work is caused by the 
difficulty of controlling exactly the pressure within the 
tank. The thermobarometer vessel is an exceedingly sen- 
sitive pressure indicator, since 1 atm. is equal to 10,000 mm, 
of the Brodie fluid with which the manometer is filled. The 
pressure ought not to vary by more than | or 2 mm. during 
each set of readings, ie. by 1/10,000-1/5000 atm. With 
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practice, this ideal was nearly approached, by having one 
operator watching the thermobarometer and opening or 
closing a screwcock escape valve in such a way as to keep 
the reading of this manometer practically steady, while the 
other operator took the manometer readings. From time 
to time, a slight inflow of compressed air into the chamber 
had to be arranged similarly. After a few trial dives, a good 
degree of control was achieved. It should be emphasized 
that all these pressure changes were much too small to 
affect measurably the gauge pressure of the chamber, which 
of course was under the control of the operator outside the 
chamber throughout. 

The reliability of this procedure was checked by several 
series of experiments in triplicate (Fig. 1), in which were 
followed the rates of oxygen consumption of three samples 


| 
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Oxygen 
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Fig. 1. Respiration rate of brain tissue at 2-9 atm. in air 
or oxygen. Rat-brain cortex slices, suspended in phos- 
phate-Ringer’s solution with glucose present, at 37-5°. 
Triplicate estimations on same brain: in oxygen. 
------ in air. [Abscissae: hr. of exposure. Ordinates: 
respiration rate, Qo,.] 





of brain slices in air, and three more slices, from the brain 
of the same rat, in oxygen. The pressure of both gases 
was 2-9 atm. The agreement of the triplicates is about as 
good as is seen at room pressure, the fall of respiration in 
the three vessels with oxygen follows much the same course 
in all three, but the slight zigzag fluctuations are mainly 
due to this difficulty in pressure control. This error, however, 
leaves no doubt as to the reality of the poisoning effect with 
oxygen, and mean values give a high probability of satis- 
factory accuracy in the quantitative estimation of the 
poisoning by oxygen. 

Warburg (1930, pp. 6-8) has shown that the vessel 
constants, used to convert the observed pressure changes 
to gas volumes, are independent of the initial external 
pressure. Warburg manometers may therefore be used at 
high or low pressures without change of the vessel constants. 

B. The use of the pressure-pot method for compression of 
tissue or enzyme preparations, followed by measurement of 
residual activity at ordinary pressure. The apparatus used 
was designed expressly for this purpose by Dr E. H. J. 
Schuster. It consists of six brass tubes, each 3 x 12 cm., 
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which screw into brass caps, the latter being provided with 
brass cocks and unions by means of which they are con- 
nected to a gas manifold. The latter is connected by a 
reinforced rubber tube (‘acetylene-welding tubing’) to a two- 
way brass cock and a pressure gauge. One limb of the 
two-way cock is connected to an oxygen cylinder by means 
of a fine adjustment valve, the other goes to a vacuum 
pump. 

The brass tube assembly is shaken in the thermostat at 
37-5° by a rocking device, which oscillates through an angle 
of about 40° on each side of the vertical, at a rate of 
45 swings/min. Each of the brass tubes contains one glass 
tube, 2-5 x 10cm., into which the enzyme preparation or 
the tissue in 2-3 ml. suspension fluid is placed. The oscilla- 
tion ensures very good equilibration with gas, the surface 
of liquid in the tilted tubes being large. The whole arrange- 
ment is quickly evacuated, flushed out with oxygen, 
re-evacuated, refilled with oxygen, and when the pressure 
is correctly adjusted is placed in the bath and incubated 
under pressure for the desired period. 

At intervals during the incubation the tubes may be 
removed after closing the brass cock attached to each pot. 
After removal from the tube, the tissue or enzyme is tested 
for its activity in the usual way at room pressure. When 
tissue slices were used they were usually transferred to 
fresh Ringer’s solution in a Warburg manometer. Control 
experiments showed that the respiration of brain slices 
incubated in air or oxygen in this apparatus at 1 atm. was 
the same as that of control pieces simultaneously incubated 
in the same gas in Warburg vessels. This is a proof that the 
oxygenation and shaking were adequate, and in the actual 
experiments control slices in Warburg vessels could there- 
fore be used for comparison with those incubated under 
pressure in the pressure pots. 


The results showed that there was no essential 
difference in the toxic effects of exposure to oxygen 
observed by this method and by method A in the 
large compression chamber. In neither case was 
there any indication of a restoration of respiration 
on returning a slice of brain from oxygen to air. 
Nor was there any evidence that the drastic and 
sudden pressure changes involved in method B— 
evacuation, compression, decompression—has any 
deleterious effect per se on brain-cortex respiration. 
Hence, the results of either method may be accepted 
with confidence as giving a true measure of the 
extent of oxygen poisoning under the conditions 
used. 


METABOLISM OF BRAIN TISSUE DURING AND AFTER 
EXPOSURE TO OXYGEN 


General manometric methods for measurement 
of brain metabolism 


Preparation of the tissue. Brain tissue of albino rats was 
used in all experiments except where other tissues of the 
rat were used for comparison. The animals were killed by a 
blow on the neck, and the tissue was immediately prepared. 

Brain-cortex slices of thickness less than 0-5 mm. were 
cut freehand with a razor moistened with Ringer’s solution. 
Before transferring to the vessels for the experiment, they 
were lightly blotted on filter paper and weighed on a torsion 
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balance calibrated to 0-2 mg. Control experiments showed 
that the dry weight of tissue prepared in this way was equal 
to one-sixth of the wet weight. This method, originally 
adopted because of the probable loss of weight of the slices 
during prolonged shaking and consequent errors in the final 
dry weight determined at the end of the experiment in the 
conventional manner, was so satisfactory that it has now 
been adopted for all experiments. The slices were almost 
entirely free from white matter. 

Chopped whole brain was used in some experiments; it 
was prepared by dividing the tissue with scissors in Ringer's 
solution until the pieces were fine enough to be sucked into 
a pipette and the suspension (200 mg. of fresh brain in 
1 ml.) was measured into the vessels. 

Homogenized brain (whole or cortex) was prepared by 
the all-glass homogenizer as described by Potter & Elvehjem 
(1936). Since calcium ions are inhibitory to tissue respira- 
tion when the tissue is so finely divided, M/30 phosphate 
buffer, pH 7-4, without added salts was used for suspension. 
The homogenization proceeded with ice cooling. The sus- 
pension usually contained 200 mg. of fresh tissue/2 ml. This 
preparation is also very useful for the study of succinoxidase 
in brain; it could be centrifuged and the resuspended tissue 
was still highly active after washing in this way. Interfering 
substances could thus be removed very conveniently (see 
Dickens, 1946). 

Preparation of Ringer's solution. The measurement of 
tissue respiration is very much simpler in phosphate- 
containing medium exposed to oxygen or air than in 
bicarbonate-carbon dioxide buffered media. In view of 
the complications involved in the use of carbon dioxide 
at high pressures, especially the shift of pH of the medium 
for a given carbon dioxide percentage in the gas mixture, 
it was decided to use the simpler method, though it is 
recognized that solutions containing bicarbonate have many 
advantages as a more physiological medium. Nevertheless, 
the ability to absorb the respiratory carbon dioxide with 
alkali, and thus to obtain direct readings of tissue respiration 
on the scale of the manometer, and the constancy of pH 
of the vessel contents, regardless of the gas pressure, 
strongly recommend the use of phosphate buffered solutions 
for the purposes of the present experiments. 

Two types of Ringer’s solution have been used; they had 
the composition shown in Table 1. 


Table 1. Composition of saline media 


Il. Simple Mammalian 
phosphate- _ serum (cf. 
Ringer (cf. Krebs & Hen- 
saline of Dickens & _ seleit, 1932) 
Krebs (1933) Simer, 1930) (average 
(mg./100 ml.) (mg./100 ml.) mg./100 ml.) 
Sodium 324 350 320 
Potassium 17 22 
Calcium 10 10 
Magnesium 2-6 25 
Manganese* 0 0-004-0-025 
Chloride 438 370 
PO, 144 é 10 
so, 10 11 
HCO, 0 54 vol. % 
CO, (at 38°) 0 2-5 vol. % 
pH 7-4 . 74 


I. Phosphate 


* Reiman & Minot (1920): value for whole human blood. 
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Unless otherwise stated, solution II was used in all 
experiments. Solution I, which was used in our preliminary 
experiments with brain slices, differs mainly in its higher 
content of potassium and calcium, and in its magnesium 
content, magnesium being absent from solution II. Not 
until this work was in a fairly advanced stage did it become 
clear that the presence of magnesium and the higher 
calcium content may have a profound effect on the sen- 
sitiveness of the suspended tissue to oxygen. The protective 
action of physiological concentrations of these salts probably 
explains why, in our first experiments at 1 atm., we were 
unable to duplicate the results of Mann & Quastel for tissue 
slices; in these early experiments the period was also too 
short for the slight poisoning effect of oxygen at 1 atm. 
to be clearly demonstrable. After changing over to the 
second medium we had no difficulty in confirming Mann & 
Quastel’s observations at 1 atm. This protective action of 
magnesium, and probably also to a less extent of calcium, 
will be discussed again after the experiments have been 
described. 

Metabolites. Unless otherwise stated, glucose was the 
metabolite added to the Ringer’s solution. It was used as 
10% solution, added to give a concentration of 0-2 %. 
When pyruvate was used, it was prepared freshly from the 
redistilled acid by neutralization of the diluted solution 
with sodium hydroxide. All additions of this kind were 
neutralized and were usually added as 0-2M-solutions of 
the sodium salts (e.g. sodium pyruvate, sodium lactate, 
etc.) to give the desired final concentration in the medium. 

Measurement of glycolysis. The glycolysis was measured 
in only a few experiments, and these were made in the 
bicarbonate-saline medium of: Warburg (1930), which 
resembles phosphate medium II (see above) but contains 
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bicarbonate instead of phosphate: glucose content 0-2 %. 
The methods used for this have been fully described (War- 
burg, 1930). 


RESULTS 


(1) The effect of oxygen on the respiration 
of brain slices 


(a) Earlier experiments at 1 atm. in Krebs’s 
phosphate-saline with glucose. These preliminary 
experiments (Table 2) are mostly of too short 
duration to be of much value in connexion with 
oxygen toxicity, but they indicate the reproduci- 
bility of @Q-values in successive periods of the 
experiment. The maximum error is 9 %. In ad- 
dition, Exp. V, Table 2, shows that respiration at 
1 atm. of oxygen can continue for a 5 hr. period 
without any greater fall than respiration in air. 
Since we have never seen this behaviour in Ringer’s 
solution without magnesium (solution II, p. 148), 
we concluded that the presence of this salt, the 
higher calcium content, and also perhaps the closer 
resemblance in composition of Krebs’s saline to 
mammalian serum (cf. column 4, Table 1), were 
responsible for the constancy of respiratory rate 
in these experiments. Supporting evidence for this 
view will be given later. That the thickness of the 
slice is not a factor protecting it against oxygen in 
these experiments is shown by the data of Table 3. 
The third column of this table shows that with 
these very thin slices—about as thin as it is possible 


Table 2. Preliminary experiments: relative respiration rate in air and in pure oxygen at 1 atm. 


(Results are expressed as percentage of mean respiration throughout the whole experimental period for each slice.) 









































I. Oxygen 
30min. Exp. no. I Il II IV V VI Mean 
period =——-*~—_, 9 ———_ ——__~«¢ A aay AN ~ Range % 
No.1 99 99 98 102 103 98 100 98 96 93 109 9 94 93-109 99-5 
2 101 99 104 104 99 102 100 101 109 +100 ~=# 97 92 102 92-104 99-5 
3 101 102 98 96 ee ow oe 96 104 105 107 102 96-107 99 
ae Mos nanee 98 = 95 96 104 91 102 102 91-104 98-5 
8s - 95 90 oe — — — 90, 95 93 
6 - 104 10 — = — — . 104,109 106-5 
‘ cane ata a - ve iam 
. 107 98 — _ — — 98,107 102-5 
9 
10} ee ee ee ee ee a ee 
IL. Air 
30min. Exp. no. I I Ill IV V VI Mean 
period A , ———, —~— —— Range % 
No.l = (88)* 98 95 95 90 (74)* 112 100 98 90 96 101 90-112 93 
2 99 98 100° 101 99 107 94 100 104 99 98 96 94-107 99-5 
3 102 102 # 105 98 107 92 98 — 108 92 103 106 92-108 99 
4 — —_ = 104 =«:103~—Ss«101 98 ee 102 94 ~=«:101 96 94-104 100 
5 96 100 = Se 96,100 98 
: - _ 109 ~=—-:108 — — 108,109 108-5 
$ = 98 108 2 = 98,108 103 
9 
10) egg =* a 89 108 — — 89,108 985 


: * The two results marked with an asterisk have been excluded because there was evidence from these readings of 
mcomplete equilibration at the start of these two experiments. 
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Table 3. Preliminary experiments : respiration rates of thin brain slices in pure oxygen, we 
and of control slices in air at 1 atm. - 
or 
(Ringer’s solution containing magnesium.) slic 
O, pressure the 
Thickness at deepest Respiration rate (Qo,) for 30 min. period | 
Rat of slice layer (cale.) - — eens A era : a va 
no (mm.) (atm.) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 8 Nos. 9,10 , oné 
I. In pure oxygen (external oxygen pressure 0-93 atm.) val 
IV 0-23 0-62 12-9 13-5 — ‘a ies mi et aie) a 
V 0-23 0-62 11-7 13-3 11-7 11-7 10-9 13-3 12-0 13-2 It) 
VI 0-26* 0-54 15-8 14-0 15:3 13-1 — ~- — _ for 
Above as percentage of mean respiration rates air 
IV -- -- 98 102 — — == — a a Il, 
V — _ 96 109 96 96 96 109 98 108 | of 
VI _ — 109 97 105 91 a a _— _ 0-1 
II. In air (external oxygen pressure 0-19 atm.) mu 
IV 0-31 0-00 9-5 9-5 — — — — — aie cut 
V 0-17 0-02 12-9 14-3 13-2 13-5 14-4 15-6 15-6 155 me 
Vi 0-34 0-00 8-5 8-7 9-2 9-0 on we am a 
VI 0-30 0-00 10-0 9-5 10-5 9-5 — _— _ —- | poi 
Above as percentage of mean respiration rates res 
IV — — 100 100 _- —_— — — — _ the 
V _— -- 90 99 92 94 100 108 108 108 the 
* Ringer solution without magnesium. suk 
its 
Table 4. Respiration rate of rat-brain-cortex slices in oxygen or air at 1 atm. abs 
(Phosphate-Ringer’s solution with 0-2 % glucose. Temp. 37-5°. Slices from brain of same rat compared in oxygen or in air.) " 
Xespiration rate in oxygen Respiration rate in air bra 
at 1 atm. after at 1 atm. after us 
(% of initial Qo,) (% of initial Qo,) “i 
Rat ot id — i ne 
no. Diet* (see p. 162) 2hr. Shr. 4hr. Shr. 6hr. 2hr. 3hr. 4hr. Shr. 6hr. | (Ta 
1 No yeast, 10 days 92 93 78 74 a 97 95 87 84 81 | Oxf 
90 88 80 81 76 97 90 75 66 52 for 
3 Es aT ss 83 63 62 dt _ 102 82 72 61 — q 
gs 7 62 67 — gy 
5 > 23 5s 92 86 76 66 57 95 838 82 79 80 | 
93 81 74 67 60 100 86 «685 ~—82_—s80_—| has 
7 5 30 ,, 91 82 78 64 56 95 88 83 83 80 | pre 
99 90 85 74 68 109 104 107 104 = 105 aln 
9 = DH Mss 91 81 73 62 53 96 90 88 80 = 75 tal 
93 82 81 74 70 98 95 92 “ | 
2  Yeast-fed, 10 ,, 9 7 64 55 45 90 8 78 69 67 | Six 
85 76 64 65 55 98 94 92 Ss a ft 
4 5 17 5; 8) 36 40 a «= 87 8 7 67 — | oy 
. 2. Bo aoe 92 96 92 97 — |,. 
6 < Rs 94 80 72 67 7 sos 8 ss. #8 
94 86 84 17 72 | tal 
8 os 30 =, 87 78 68 62 60 97 81 80 72 68 che 
87 77 66 60 56 94 89 85 vy Me an 
10 3 Bis 91 81 73 62 53 110 =—-:105 95 74 ~=«69 Tal 
93 82 81 74 70 106 97 90 75 86% 
ll Ordinary mixed diet 102 92 90 82 — 98 98 96 83 = anc 
12 ws 97 90 80 77 69 108 97 80 80 68 ma 
13 = 104 77 71 69 _— 93 65 54 51 =_ B). 
14 - 92 87 75 64 _ 96 =101 99 a on 
Mean of ‘no yeast’ 915 82 76 67 64 98 89 87 79 79 pre 
Mean of yeast-fed 88-5 78 70 63 58 96-5 90-5 86 i fe oh 
Mean of mixed diet 99 86-5 79 73 (69) 99 90 82 83 (68) 
Average of all in 92 82 76 66 59 Average of all in 98 90 85 78 = 76 at 


oxygen at 1 atm. 


* Since the effect of varying the diet is so slight as to be insignificant without a much larger series of observations, all 
the results are considered together in this table. The dietary experiments are described in detail in the text. 


air at 1 atm. 
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to cut them by any existing technique—there is in 
the experiments in pure oxygen a very high tension 
of oxygen even at the deepest layer of the brain 
| slice (0-54-0-62 atm.). This calculation is based on 
the data of Warburg (1930, pp. 77-81), but the 
value of the diffusion coefficient for brain tissue is 
one determined from the experimentally observed 
value of the ‘limiting thickness’ (Warburg, 1930) 
of brain cortex (Dickens, unpublished observations). 
It will be noted how thin must brain slices be cut 
for adequate oxygen diffusion within the slice when 
air is used in the gas space of the vessels (Table 3, 
II, col. 3); for complete penetration to the centre 
of the slice the thickness must not exceed about 
0-17 mm. Since it is only occasionally, even after 
much practice, that slices so thin as this can be 
cut, it will be noticed that the Qo, of most experi- 
ments in air is distinctly lower than that in oxygen, 
at least during the earlier readings before oxygen 
poisoning has become large. This is evidently the 
result of inadequate oxygenation of the interior of 
the slice when air is used. Consequently in many of 
the experiments in air the slice must have been 
subjected throughout to some degree of anoxia in 
its deepest parts. This, of course, is due to the 
absence of capillary circulation in the isolated 
tissue. 

(b) Long-term experiments in the respiration of 
brain-cortex slices in air or oxygen at 1 atm. Tissue 
suspended in simple phosphate-Ringer’s solution con- 
taining glucose. For these experiments saline II 
(Zable 1) was used, containing no magnesium. All 
experiments were run for at least 5 hr. and sixteen 
for 6 hr. 

These results (Table 4) confirm the findings of 
Quastel & Mann that oxygen at 1 atm. pressure 
has a toxic effect as compared with air at the same 
pressure. At 1 atm., however, the toxic effect is 
almost within the limits of error for the first 2 hr., 
and becomes clearly evident only in the fifth and 
sixth hours of exposure. 

(c) The respiration of brain-cortex slices in air or 
oxygen under pressure: conditions (other than the 
higher pressures) the same as (b) above. Table 5 con- 

| tains measurements made in the large compression 
chamber at pressures of 2-9 and 3-86 atm. (or 62-5 
and 94 ft. depth, respectively*) (see Method A). 
Table 6 contains similar observations for 3-38, 4-40 
and 5-08 atm. (78-5, 112 and 135 ft. respectively), 
made in the ‘pressure-pot’ apparatus (see Method 
B). The average values are summarized here, the 
example chosen being the experiments in the com- 
pression chamber at 2-9 atm., the pressure for 
which the most complete data are available. Oxygen 
at this pressure is markedly toxic, much more so 
than at 1 atm. (cf. Table 4). The effect is still 


* On the basis of the convention that 1 extra atm. is 
equivalent to a depth of 33 ft. of sea water. 
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a delayed one at this pressure, and during the first 
hour of exposure there is little difference between 
the fall of respiration in air and oxygen; the fall is 
hardly measurable in either gas until the second. 
hour of exposure. The poisoning effect of pure 
oxygen becomes quite clearly evident during the 
first half of the second hour, and from that stage 
onwards it is progressive and continuous. After 
180 min. the respiration has fallen to half its original 
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Fig. 2. Mean fall of respiration rate of brain tissue deter- 
mined at various pressures of air or oxygen. Rat-brain- 
cortex slices. Phosphate-Ringer’s solution with glucose. 
Temp. 37-5°. [Writing on curves: 2-9 atm. O, (10 exp.); 
1 atm. O, (24 exp.); 0-2 atm. O, (air—26 exp.); air at 
2-9 atm. (6 exp.). Abscissae: hr. Ordinates: fall of initial 
respiration rate (%).] 


value in pure oxygen, while the tissue in air at the 
same pressure continues to respire at a perfectly 
steady rate. Fig. 2 shows clearly the average time 
course of the poisoning of brain respiration under 
the influence of air and oxygen at 1 and at 2-9 atm. 


Does nitrogen protect brain respiration against oxygen? 
A remarkable feature of high-pressure air now comes to 
light. It will be seen from Fig. 2 (cf. Table 5) that there is 
no significant fall of brain respiration whatever during 
34 hr. exposure to 2-9 atm. of air. Now the partial pressure 
of oxygen in air at 2-9 atm. is 0-61 atm. Consequently, if 
air under pressure had the same effect on brain respiration 
as would the oxygen contained in it, i.e. if the dilution of 
the oxygen owing to the nitrogen (and rare gases) in air 
had nothing but a diluent effect, one might expect the 
toxicity of air at 2-9 atm. to lie between those of air at 
1 atm. and oxygen at 1 atm. 

In fact, as the table shows, air at 2-9 atm. is practically 
completely non-toxic in 3$ hr. exposure. During the same 
period the data of Table 4 show that brain slices under 
similar conditions were poisoned 21 % in oxygen at 1 atm., 
and 12-5 % in air at 1 atm. Thus, the prima facie conclusion 
would be that air under pressure is much less toxic than 
oxygen would be if it were breathed at a pressure equal to 
the partial pressure of oxygen in the compressed air. In 
other words, the nitrogen of the air has apparently exerted 
some protective action. 






































152 F. DICKENS 1946} 
Table 5. Effect of air or oxygen at high pressures on the respiration rate of slices of rat-brain cortex. 
Measurements under pressure in large chamber p 
tl 
(Note that poisoning of respiration rate, not actual percentage of initial rate, is stated.) d 
2. 0 
Oxygen 1. Pressure 2-9 atm. Air : 
— ss = aN ae So i) a 
Fall of respiration rate Fall of respiration rate dl 
(as % of initial rate) (as % of initial rate) s 
Period of exp. Period of exp. - 
Exp. Initial ——_—— — ———, Initial _— — E 
no. Qo, 1 hr. 2hr. 25hr. Shr. 3-5 hr. Qo, 1 hr. 2hr. 25hr. Shr. 35h. fi 
I* 13-7 2 9 10 23 45 12-1 4 5 7 6 ] p 
13-1 7 18 20 39 64 11-0 6 4 10 -2 1 b 
12-0 2 5 13 39 68 10-3 2 17 6 7 7 2 
II* 13-1 4 14 27 47 65 14:5 -8 -7 -l 1 1 tl 
Ii 19-1 -l 18 55 79 88 — _— _ — =— _ n 
IV 14-1 6 20 29 47 79 oo — — = = = 8 
V 15-5 ll 24 35 46 55 — _ — —_ —_ — b 
VI 11-8 -3 20 33 51 _ 12-1 -5 -10 3 -l -8 tl 
12-4 2 29 34 60 —_ 11-8 -5 -10 4 -5 -8 tl 
14-0 3 22 29 37 —_ _ _— —_ — — = t 
Mean 13-9 3-5 18 28-5 47 66 12-0 -l 0 5 1 - a 
Standard 2-03 3-8 7:3 12:1 14-5 13-2 1-30 0 7-9 3-4 4:3 5-1 ct 
deviation 5 
S.E. of +0-64 +1-2 2-4 3-8 4-6 5-0 +0-53 +2-0 3-3 1-4 1:8 2:2 ni 
— 2. Pressure 3-9 atm. 
VII* 14-6 3 31 51 -- 100 13-0 -6 7 -2 -2 2 
12-9 -6 6 46 -- 91 11-0 0 -3 6 -9 -12 a 
Mean 13-8 -2 19 49 —- 96 12-0 -3 2 2 -6 -5 tl 
* The experiments denoted * were in medium no. I, the others in no. II medium (see Table 1 for composition). e 
0 
Table 6. The effect of oxygen under pressure on the respiration of slices of rat-brain cortex. v 
Measurements after exposure to pressure (method B) a 
(Each exp. no. refers to one individual rat.) 1 
Time of exposure (min.) | 
Exp. Pressure c- —— —— A ~ \ n 
no. atm. 30 60 90 100 120 50 170 180 200 210 230 
Inhibition of respiration by oxygen (as percentage of initial rate) T 
1 3-4 5 0 0 — 21 — —_ po ss So nes 
2 3°4 - 66 — 86 —— 94 
60 — 86 -- 92 
3 3-4 - seed _ ~ _ 67 
- at il ~ os: 41 s 
4 3-4 — 66 — — — = 
5 3-4 — 63 — Pl 
6 3-4 = =< = = + 45 — 64 _ — — in 
7 3-4 me - as a wes 45 ssi ae oes son _ 
Mean % 3:4 (5) 0 0 et 21 50 63 65 86 (63) 93 
8 4-4 _- = 45 —- 63 
9 4-4 , ae = es 78 a ~ ~ _ — — 
10 4-4 —- — — 60 eS = pees eal ake beans vow 
1] 4-4 0 én 7 os 74 ae (69) se ‘ag toon — | 
12 4-4 -= — — — os a 86 ages nas ot ji 
Mean % 4-4 0 — 45 60 72 — 86 — —_ _ = 
Time of exposure (min.) 
45 80 110 120 
13 5-0 18 —_— 61 — 
30 — 54 a 
24 — 53 a ; 
14 5-0 aoe 59 — 89 ’ 
Mean % 5-0 24 59 56 89 tk 
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This conclusion is, unfortunately, hardly justified by the 
present data. In the first place, the animals used were not 
the same in all experiments. Secondly, the diets were 
different in the two series, at 1 and at 2-9 atm., although 
our experiments have, admittedly, failed to demonstrate 
any definite effect of the different diets used. Thirdly, as has 
been already shown (Table 3), in air at 1 atm. the tissue 
slice is anoxic in its deeper layers, which may possibly 
account for part of the fall of respiration observed in air 
at 1 atm., a fall which does not occur in air at 2-9 atm. 
Hence it is not, perhaps, justifiable to conclude that the 
fall of respiration at 0-6 atm. of pure oxygen (the partial 
pressure of oxygen in air at 2-9 atm.) would lie about midway 
between the corresponding decreases of respiration in air 
and oxygen; for at 0-6 atm. of oxygen, a slice of 0-35 mm. 
thickness would be at the upper limit of permissible thick- 
ness for oxygen to penetrate fully to its deepest layer. 
Since this was about the thickness of good razor slices of 
brain, it may be that 0-6 atm. of oxygen actually provides 
the optimum concentration of oxygen for slices of this 
thickness. If this suggestion were to prove correct, the 
toxic effect of oxygen would be at a minimum when the 
anoxic condition was just avoided, but when there was no 
considerable excess of oxygen above the minimum require- 
ments for complete oxygenation of those parts of the tissues 
most remote from the source of oxygen (i.e. the surface 
of the slice in vitro; the capillary in vivo). 

The evidence of a protective effect of nitrogen 
against oxygen poisoning was not supported by 
the results of an experiment in which the toxic 
effects of 5 atm. of air were compared with those 
of 1 atm. of oxygen, i.e. the oxygen partial pressures 
were substantially the same, but in the experiment 
at 5 atm. there was a fourfold dilution with nitrogen. 
This experiment had perforce to be made in the 
‘pressure-pot’ apparatus, owing to the high pressure 
needed. Table 7 shows that the respiration of brain 


Table 7. The effect of air at 5 atm. compared with 
that of pure oxygen at 1 atm. on the respiration 
rate of brain tissue 


(Material: slices of rat-brain cortex. Medium: Ringer’s 
solution containing glucose and phosphate buffer, without 
magnesium. The respiration rates were all measured in 
pure oxygen, except that of the control portion which was 
in air. s 

Measurement of respiration rates (Qo,) 
c a — th. a 8 
Exposed to air at 5 atm., 
then transferred to O, 








In O, at at 1 atm. for In air at 
1 atm. measurement. Slice no. 1 atm. 
Time through- — —__A—__——.,_ through- 
(hr.) out 1 2 3 4 out* 
1 12-2 Soy? tee adhe 7-5 
2 12-2 ee eae 7-5 
3 10-8 9-4 — — -- 7-4 
4 8-8 — 76 — — 7-2 
5 6-9 = os 6-5 — 7-2 
6 4-7 —- = = 5:3 6-9 


_* The low values measured in air are due to inadequate 
diffusion owing to the low oxygen tension (cf. Table 3). 
Note, however, the constancy in | atm. air compared with 
the other two sets of readings. 
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slices is no better maintained in air at 5 atm. than 
in pure oxygen at 1 atm. 

There is thus no clear positive evidence of any 
protective action of nitrogen against the toxic effect 
of oxygen on brain respiration. 

(d) Time course of the poisoning of brain respiration 
by oxygen at pressure. The action of many drugs 
on tissues and particularly of drugs of which the 
action is weak but nevertheless evokes a response 
of the all-or-none type in the individual cells, may 
be represented by a sigmoid type of response curve 
(Clark, 1933). This type of curve may be regarded 
as the integration of the distribution curve of the 
individual sensitivities of the cell population ex- 
posed to the destructive action of the drug. If this 
curve is that of a ‘normal’ distribution, a sym- 
metrical response curve will be obtained, of which 
the point of inflexion will correspond with the 
dosage (or time of exposure) which produces a 50 % 
poisoning. Such a curve will be a ‘probability 
curve’ and can be plotted from a probability table. 





-20 

0 1 2 3 4 

Fig. 3. Time course of poisoning of respiration of brain 
tissue at 2-9 atm. in pure oxygen, with control in air 
at same pressure. .=oxygen. x =air (each point repre- 
sents one observation). - - - - - - Mean values (oxygen and 
air) observed. Probability curve calculated for 
50% poisoning at 3 hr. (see text). Rat-brain-cortex 
slices in phosphate Ringer’s solution with glucose at 37-5°. 
[Abscissae: hr. of exposure. Ordinates: poisoning of 


brain respiration (%).] 





The time-action curve of exposure of brain tissue 
to H.O.P. is of this general type (Fig. 3). In this 
figure the solid curve plotted is based on a proba- 
bility table such as that published by Bliss (1935). 
The points are those experimentally determined, 
and the position of the solid curve corresponding 
to 50 % poisoning is arranged to coincide approxi- 
mately with the mean time actually observed. This 
curve adequately represents the mean poisoning 
effect for each time of exposure to oxygen at the 
pressure used (2-9 atm.), and this is more accurately 
proved by plotting the average readings for each 
period of the experiment on a scale of probabilities 
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as ordinates, against a linear time scale as abscissae, 
when the points are found to lie very close to 
a straight line (Fig. 4). 


97 
05 


Hr. of exposure 





? 





Fig. 4. Poisoning of brain respiration by oxygen, on scale 
of probability units: pressure 2-9 atm. oxygen. o o= 
mean of ten observations for each period. Other data as 
in Fig. 3. [Abscissae: hr. of exposure. Ordinates: 
poisoning (%), on probability scale.] 


(e) The irreversibility of oxygen poisoning of brain 
respiration; and the effect of convulsions caused by 
H.O.P. on the subsequent oxygen uptake of rat’s brain. 
No reversal of the oxygen poisoning of brain-tissue 
respiration has ever been observed when the tissue 
was transferred to air instead of oxygen. This applies 
whether decompression to atmospheric pressure 
was carried out or not. Continuous readings taken 
in the compression chamber at each stage of de- 
compression gave no indication of reversal; all that 
happened was that further fall of respiration was 
sometimes averted when air replaced the oxygen. 

Nevertheless, the in vivo effects of oxygen are reversible, 
inasmuch as the acute symptoms of oxygen poisoning clear 
up rapidly on transferring the subject to air. On this point, 
the hypothesis that the symptoms may be due to injury 
to only a few brain cells does not appear to offer a very 
satisfying explanation. It would be possible to argue that 
a degree of poisoning which is so slight as to injure perhaps 
only a fraction of 1 % of the cortical cells may be reversible, 
even though the later stages of poisoning when measurable 
damage to tissue respiration has occurred are not reversible. 
A possible alternative explanation will be advanced in the 
Discussion. 

Measurement of the respiration of cerebral cor- 
tical tissue of a rat which had just undergone violent 
convulsions in 4 atm. of oxygen, and was passed 
out from the large compression chamber through 
the air-lock and killed without delay, gave the 
results shown in Table 8. 

These figures are of similar order to those obtained 
with normal rat brain, but of course only a gross 
poisoning would be detectable, except perhaps by 
a vast number of experiments. 
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Table 8. Respiration rate (Qo,) of slices 
of cortex of a convulsed rat 


Period 
(min.) 

0-20 9-2 9-3 10-7 a 
20-40 8-8 9-4 10-5 10-0 
40-60 9-5 10-0 11-5 11-8 

60-80 — --- 10-5 9-8 
120-140 — —- 10-8 10-3 
140-160 — —_ 11-8 10-5 


Qo, (quadruplicate estimations) 


(f) The relationship of the poisoning of brain 
respiration to the oxygen pressure. By combining 
all the results obtained at different values of H.0.P. 
(Tables 5, 6), some conclusions may be made as to 
the comparative sensitiveness of brain réspiration 
at various pressures. 

Our observatons cover only the range 0-2 (air) 
to 5-08 atm. oxygen pressure. The effects of air 
and oxygen at 1 atm. are so small that the experi- 
ments have to be very prolonged to produce 
poisoning effects sufficiently outside the limits of 
error for any reasonably accurate quantitative cal- 
culations to be based on them. In very long experi- 
ments the ‘ wear and tear’ factors become noticeable, 
and may complicate the interpretation. For pres- 
sures above 1 atm., Table 9 illustrates the relation- 
ship between the times necessary to give definite 
percentage poisoning and the prevailing oxygen 
pressures: for the calculation of the mean times 
for 25, 50 and 75% poisoning the time-course 
established for 2-9 atm. of oxygen (probability 
curve) was again plotted against the actual readings 
obtained for the various pressures, using a proba- 
bility scale of percentage poisoning, and drawing 
through the observed points the best straight line 
to fit the observations (cf. Fig. 4). The results, 
which are to be regarded only as approximations, 
are given in Table 9. 

These figures suggest that there is an inverse 
proportionality between the time of exposure neces- 
sary for a given percentage of poisoning and the 
pressure of oxygen to which the brain tissue is 
subjected. On the whole, the proportionality is 
more exact if the excess pressures above | atm. 
(=P-—1, in Table 7) are taken, instead of the total 
pressure of oxygen. It cannot be claimed, however, 
that the determinations of percentage poisoning at 
any pressure (other than 2-9 atm., for which an 
extensive series of estimations was made) were of 
sufficient accuracy to enable one to choose between 
the two sets of figures, given as the products of 
(P xt) and (P—1) xt, respectively, in Table 7. The 
second of these formulae would require no poisoning 
at 1 atm. of oxygen, whereas in fact some poisoning 
has been observed at this pressure. Without a large 
number of comparative determinations it is not 
justifiable to press this analysis further. 
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Table 9. Relationship between oxygen pressure and time required 
for a given poisoning effect on brain-tissue respiration 


Average times (¢ min.) of Product (¢ x P) for Product (P —1) ¢ for 
pressure exposure for poisoning poisoning poisoning 
(atm.) hy p= A 2. . ke 
(ft.)* (P)t 25% 50% 75% 25% 50% 15 % 25 % 50% 
0 1 (246) ? ? (229) ? ? ~- 
62-5 2-9 117 184 230 340 530 668 222 350 
78-5 3-38 88 150 195 298 508 660 210 356 
112 4-40 70 100 130 308 440 572 238 340 
135 5-08 56 80 105 285 406 535 228 327 
Mean 308 471 609 224 343 
Max. diff. from mean +32 65 63 14 16 


+ In the moist gas. 


Oxygen 


Depth 


* 33 ft. sea water =1 extra atm. 


wT wearer Vem, OOOO’ 


(2) Comparison of the sensitivity of brain respiration 
to H.0.P. with that of other tissues 


The respiration of various rat tissues was mea- 
sured (a) in oxygen at 1 atm., (b) similarly, after 
exposure to 4-4 atm. of oxygen for 3 hr. Brain 
cortex, liver, kidney, and lung tissue was cut into 
the usual thin slices. Spinal cord was opened out 
along the line of the dorsal spinal artery, and sliced 
laterally. Testicular tubules were teased out and 
rinsed in Ringer’s solution. 


Table 10. 


(Medium: Phosphate-Ringer’s solution with glucose. 
Tissue respiration measured in oxygen at 1 atm.) 


Sensitivity of various rat tissues to H.0.P. 


Brain Spinal 
Tissue... cortex cord Liver Testis Kidney Lung 
Initial re- 8-8 2-6 9-4 8-0 18-1 4-4 
spiration 
(Qo,) 
Do. after ¢ “! 7 3: 14-1 
3 hr. O, 
at 1 atm. 
Do. after 4 “Qi f 2 9-3 
3 hr. O, 
at 4-4 atm. 
As % of 15 17 
control 
at 1 atm. 


Nervous tissue is the most sensitive to H.0.P. of 
the representative tissues tested (Table 10). Rat 
diaphragm was found by Stadie (1943, personal 
communication) to be more resistant than lung 
tissue to oxygen; hence muscle is one of the most 
resistant tissues. Liver tissue is quite sensitive, 
but the respiration of testis, kidney and whole-lung 
tissue is comparatively resistant to oxygen. 


(3) The effect of state of division of the tissue 
on sensitivity to oxygen 


The finer state of division in minces and homo- 


genates of brain will presumably permit a better 
diffusion of oxygen to the metabolically active 


centres, and thus increase the sensitivity of the 
preparation to any given pressure of oxygen. 

The sensitivity to oxygen is in fact greater, the 
finer the subdivision of the tissue (Table 11). This 
is most readily seen from the estimated times of 
exposure necessary for the rate of respiration in 
oxygen to fall to 50 % of that in air, which are as 
follows: 

Homo- 


Chopped __ genized 
5) (Table 11) (Table 11) 


Slices 
(Tables 4, 
Time for 50 % fall in 

oxygen: 
Pressure 1 atm. ... 
Pressure 2-9 atm.... 


State of brain tissue... 


34 hr. 
1 hr. 40 min. 


About 7hr. 43 hr. 
3 hr. — 
The times are about halved for the homogenized 

tissue as compared with slices, but the fact that the 

respiration of chopped and homogenized tissue is 
steadily falling even in air makes accurate com- 
parison difficult. It should also be remembered that 
the homogenized tissue was suspended in a different 
medium (see p. 148). 


) Effect of oxygen on the utilization 
of substrates other than glucose 


Hitherto, all experiments have been made in 
a glucose-containing medium. Other substances 
concerned in the carbohydrate metabolism of brain, 
of which the oxidation is poisoned by oxygen, in- 
clude fructose, lactate and pyruvate. Table 12A, 
Exp. (i), shows that when brain slices are exposed 
to H.O.P. in presence of glucose, and their activity 
in oxidizing various substances is subsequently 
tested in the usual way, the slices can still oxidize 
succinate, and to a less and variable degree gluta- 
mate, but glucose, lactate and pyruvate oxidation 
is almost completely abolished under the same con- 
ditions of exposure to oxygen. When the brain 
slices are exposed to H.O.P. in presence of glucose, 
lactate or pyruvate (Table 12 A, Exp. (ii)), the ability 
to oxidize glucose is lost also. The general conclusion 
is that all these stages of glucose oxidation are 
poisoned, with the exception of the succinate stage. 








Table 11. Toxic effect of oxygen on the respiration of chopped and homogenized brain 
(The following are the results of typical experiments. The medium contained glucose.) 


(a) Chopped whole brain of rat 


Oxygen at 1 atm. 
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Air at 1 atm. 








hr. of exp. hr. of exp. 
7a mama ae (te 
2 3 4 = Initial 2 3 4 5 Initial 
% of initial Qo, Qos % of initial Qo, Qo, 
Triplicates 70 43 24 14 11-7 76 59 38 33 8-9 
70 42 23 14 11-2 80 60 45 30 8-9 
70 43 22 10 11-4 76 58 42 30 8-7 
Mean 70 43 23 ll 11-4 77 59 42 31 8-8 
ass 
Ratio: 2 O*VER 0910-73055 OBS 
% in air 
Respiration in oxygen=50 % of that in air after c. 270 min. 
(6) Whole brain homogenized 
Oxygen at 1 atm. Air at 1 atm. 
hr. of exp. hr. of exp. 
——————————— 
2 3 ‘ 5 ta (* 8 ¢ 5 Initial 
% Of initial Qo, Qo, % of initial Qo, Qo, 
Triplicates 68 40 22 13 9-3 85 63 45 35 75 
71 39 22 14 8-1 80 60 47 32 8-0 
72 42 20 14 8-2 78 61 46 35 79 
Mean 70 40 21 14 8-5 81 61 46 34 78 
bres 
Ratio: 2 S*YER 0-86 066 046 SO 
% in air 
Respiration in oxygen =50 % of that in air after c. 210 min. 
Ditto under pressure (different brain tissue) 
Oxygen at 2-9 atm. Air at 2-9 atm. 
hr. of exp. hr. of exp. 
a a ~ ta <f — 
#1 1-1 152 22 23 jpittgy #1 1-14 12 223 253 fnitil 
% of initial Qo, Qo,* % of initial Qo, Qo,* 
Triplicates 80 44 28 21 13 5-4 82 69 65 63 52 57 
81 38 26 19 10 5-4 87 72 62 62 47 56 
86 44 (36)f (32)t (22)f 51 78 65 58 58 5266 
Mean 82 42 27 20 12 5:3 82 69 62 58 50 6-0 
arid 
Ratio: 2S OSVESH 1400 0610-44 035024 


are er 
% in air 


* These experiments were done in the large compression chamber, and the initial Qo, has fallen somewhat owing to the 


inevitable delay during compression. 


+ In this experiment the oxygen in the vessels was displaced by air after 14 hr. The bracketed figures show that the 
further fall of respiration was slowed to the same rate as in air, but no reversal of oxygen poisoning occurred. 


That even the persistence of succinate oxidation 
after exposure is largely dependent on the presence 
of glucose during the incubation under H.0.P. is 
shown by Table 12A, Exp. (iii), in which the suc- 
cinate oxidation fell to about one-third of its normal 
rate when glucose was omitted from the medium 
in which the tissue was exposed to H.0.P., while, 
when glucose was present, the succinic oxidation 
was mostly protected. Dr Quastel has pointed out 
that this observation may be related to the ‘sparing’ 
action of lactate (or glucose) on succinate oxidation 
(Quastel & Wheatley, 1932), whereby oxygen might 
be diverted from the succinate system to the other 
substrate. 





As with glucose oxidation, that of the other sub- 
strates becomes more sensitive to oxygen the more 
finely divided the tissue (Table 12B, C). In homo- 
genized brain tissue, even incubation for 2 hr. in 
oxygen at 1 atm. pressure causes the succinoxidase 
activity to fall to two-thirds of the value seen in 
another portion incubated simultaneously in nitro- 
gen (Table 12C). With liver tissue the fall of 
succinoxidase activity in oxygen is even greater. 
To produce an approximately similar fall of oxida- 
tion of succinic acid by slices required about the 
same time of exposure to oxygen at 4-4 atm. 
(Table 12A, Exp. (iii), glucose absent). In the 
case of succinoxidase the intactness of the tissue 
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Table 12. Effect of oxygen pressure on the oxidation of lactate, pyruvate, 
succinate and fructose 
A. Rat-brain cortex—slices 
(i) Incubated under H.0.P. in glucose-containing medium and respiration measured after exposure, in presence of the 
1 | substrates shown. Pressure during exposure, 3-4 atm. Time of exposure to oxygen, 2$ hr. 
a 
Rate of oxygen uptake (Qo,) after exposure, 
during the period 
Substrate during ~ -—, 
| measurement 0-4 hr. 4-1 hr. 1-14 hr. 14-2 hr. 
Glucose, 0-2 % 3-5 3-4 2-9 _— 
Lactate, 0-01M 3-8 4-0 2-8 — 
Pyruvate, 0-01m 2-7 2-7 1-8 — 
l( +)-Glutamate, 0-01m 5-7 4-4 3-3 — 
Succinate, 0-01m 8-5 6-5 5:3 = 
None added 3-5 1-8 1-8 — 
Controls to above; tissue not subjected to H.0.P. 
Glucose 14-5 13-3 13-2 13-2 
l Lactate 9-3 9-2 9-3 9-3 
Pyruvate 13-0 12-6 12-1 13-4 
Glutamate 10-8 10-1 7-9 7-5 
Succinate 11-7 8-9 6-6 6-5 
None added 7-7 4-5 2-2 0-8 
(In some experiments glutamate oxidation was more damaged by u.0.P. than in the above.) 
(ii) Incubated under H.0.P. in the presence of the substrate shown below. Respiration rate measured after exposure, 
upon the tissue suspended in glucose-containing medium. Pressure during exposure 4-4 atm. Time of exposure 100 min. 
Rate of oxygen uptake (Qo,) after exposure, 
during the period 
Substrate during — A” — 
exposure to H.O.P. 0-4 hr. 4-1 hr. 1-1} hr. 13-2 hr. 
” Glucose, 0-2 % 3-6 2-4 1-6 1-2 
; Lactate, 0-01m 5-0 4-1 3-6 2-8 
Pyruvate, 0-01M 1-8 i-8 1-8 1-8 
(iii) Protection of suecinate oxidation by the presence of glucose during exposure to H.O.P. Pressure during exposure 
4-4 atm. Time of exposure, 130 min. 
Transferred after exposure 
to H.0.P. to Ringer’s solution 
containing the substrates 
shown: respiration rate then 
he measured (at 1 atm.) 
Se 7 en 
he Exposure to exposure in 
H.0.P. without presence of 
glucose in glucose, 
Substrate during medium 0-2% 
D- measurement Qo i Qo, 
e Glucose 0-9 4-1 
d- Succinate 3-4 9-3 
n None added 1-5 2-7 
] . 
. (iv) Measurement of respiration of rat-brain-cortex slices while under H.0.P. (in the compression chamber): (a) glucose and 
E fructose, (b) succinate, present as substrates. 
of (a) Pressure 2-9 atm. pure oxygen. Glucose and fructose oxidation 
F Respiration rate (Qo,) during period (min.) 
M- c oa ein aE a ain Y 
e Substrate 20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180 180-200 
i. Glucose, 0-2 % 14-4 13-7 13-8 11-9 12-2 10-4 10-1 8-6 75 
. Fructose, 0-2 % 14:8 11-4 11-4 9-3 8-8 8-4 8-2 6-5 5:7 


6 (In this experiment, fructose oxidation falls a little faster than glucose, but the difference is slight.) 
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(b) Pressure 4-6 atm. of pure oxygen or of air. Succinate oxidation. 
No glucose present; succinate concentration, 0-05m 


Respiration rate (Qo,) during period (min.) 
A 





Measured in 4:6 atm. air 


Cn ee re ee a ee 
20-40 40-60 60-80 80-100 


11-7 8-1 8-1 7-2 


Measured in 4-6 atm. oxygen 


0-20 20-40 40-60 60-80 80-100 


Succinate added at 10-9 9-3 7-2 5:7 5:7 


once (0 min.) 

Succinate added after 9-3 ° ° 5-7 
20 min. at pressure 9-3 , ‘7 
in O, or in air (dupli- 
cates) 

(The poisoning of oxidation of succinate by 4.0.P. is shown, but it is much less than that of glucose, which at this 
pressure is 50 % in 100 min. compared with a sample in air at the same pressure.) 


12-0 6- 
7. 


0 ae 
11-7 3 = 


7+ 
6- 


9 
9 


12:9 


B. Rat brain (whole brain)—chopped. Oxidation of various substrates at 1 atm. in oxygen or air 
Respiration rate as % of initial respiration; period (hr.) 
t rr - 
Oxygen at 1 atm. Air at 1 atm. 
= J — ine 
Initial Tnitial 
Substrate Qo, é 3 4 Qos 2 3 
Glucose, 0-025M 9-6 50 28 7:3 74 53 
Lactate, 0-025m 11-8 j 42 24 : 9-3 66 45 
Pyruvate, 0-025 9-7 97 51 25 f 8-4 56 26 
None added 7-4 32 12 9 4-5 50 23 
C. Rat-brain cortec—homogenized. Comparison of succinate oxidation after exposure 
of the homogenized brain to (a) oxygen at 1 atm., (b) nitrogen at 1 atm. 
Temp. 37:5°; period of exposure 2 hr. in each case. Succinate oxidation rate was measured in oxygen at 1 atm. For 
comparison, homogenized liver of the rat was simultaneously studied. 
Since cytochrome is washed out of the tissue on homogenizing, a preparation of cytochrome c, made from horse heart 
(Keilin & Hartree, 1937) was added. Final conc. of cytochrome, 4 x 10-® mol./2 ml. (2 ml. liquid/vessel). Substrate: 


succinate, M/30. - 
Oxygen uptake (yl./40 mg. fresh tissue) 


Brain cortex after 2 hr. in 
ee ee 
Nitrogen 
118 108 281 
227 


Period -- 
(min.) Oxygen 

0-30 76-5 

0-60 150 


mae —, 

Liver after 2 hr. in 
—= 

Oxygen Nitrogen 


205 499 


Activity remaining after exposure to oxygen; as % of that in nitrogen: 


66 % 


apparently exerts an appreciable protection, and, in 
presence of glucose, this protection becomes almost 
complete. 


(5) The effect of exposure to H.0.P. on the respiration, 
aerobic and anaerobic glycolysis of brain tissue 


When the respiration of brain tissue is poisoned 
by specific reagents such as cyanide, or entirely 
prevented by keeping the tissue anaerobic, the 
alternative energy source of brain—glycolysis— 
comes into operation. On the other hand, the so- 
called ‘protoplasmic’ or non-specific poisons destroy 
both types of metabolic activity. Oxygen behaves 
in this respect as a ‘protoplasmic poison’. Slices of 
brain tissue were exposed to 4:4 atm. oxygen, in 
phosphate-Ringer’s solution containing glucose, for 


39 %, 


varying periods, and portions were transferred to 
bicarbonate-Ringer’s solution in equilibrium at 
1 atm. with gas mixtures of 95 % oxygen+5 % 
carbon dioxide, or 95 % nitrogen+5 % carbon 
dioxide. The aerobic and anaerobic glycolysis, and 
the respiration, were then measured in the usual 
way (Warburg, 1930). 

As the respiration fell owing to oxygen poisoning, 
the aerobic glycolysis did not increase appreciably 
(with cyanide poisoning of respiration it rises almost 
exactly to the anaerobic level), and the anaerobic 
lactic acid formation was poisoned at about the 
same rate as the respiration (Table 13). 

There is therefore a nearly parallel destruction 
of the enzymes necessary for both respiration and 
glycolysis. Since, in the above experiment, the 
tissue was transferred to atmospheric pressure for 
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Table 13. Respiration and glycolysis of brain- 
cortex slices before and after exposure to H.O.P. 


(Oxygen pressure 4-4 atm. Exposure in phosphate- 
glucose-Ringer’s solution. Measurement in bicarbonate- 
glucose-Ringer’s solution.) 


Time of expo- 
sure to H.O.P. 


(br.) a 0 4 1 13 2 23 3 
Respiration 73 — 67 — 40 — 17 
(Qo.) 

Aerobic gly- 03 — O8 — 10 — 10 
colysis (Q82)* 

Anaerobic 12-6 12-8 125 122 82 39 3-6 
glycolysis 

(Q¢*) 


* R.Q. assumed equal to 1 throughout. 


measurement of metabolic activity, this poisoning 
by oxygen is irreversible on transferring to normal 
pressure, both for respiration and glycolysis. 

This result is important in consideration of the 
enzymes which are poisoned in brain tissue by 


oxygen. 


(6) The role of hydrogen peroxide in oxygen 
poisoning of brain 


Added hydrogen peroxide. Brain respiration is 
highly sensitive to traces of hydrogen peroxide. 
Table 14 shows the effect of the addition to respiring 
brain slices of two successive portions each of 0-2 ml. 
1: 9000 dilution of perhydrol, prepared in phos- 
phate-Ringer’s solution containing glucose. Each 
portion contained 0-12 mg. H,0,, equivalent to 


Table 14. Effect of added hydrogen peroxide 
on rat-brain-slice respiration 


(Slices of rat-brain cortex suspended in phosphate- 
Ringer’s solution containing glucose. Each manometric 
vessel had one slice, c. 12 mg. dry wt., suspended in 1-6 ml. 
The vessels had two side bulbs, from each of which at the 
stated interval H,O, equivalent to 40 ul. O, was added. 
CO, was absorbed by 0-2 ml. NaOH, as usual. A control 
vessel contained tissue without H,O,. Gas space, oxygen 


at 1 atm. Temp. 37-5°.) 
Respiration rates (Qo,) 


H,0, added as shown 


Period No H,0, a 
(min.) added ty tea 
0-20 8-1 9-9 11-1 
(H,O, added at 20 
and 50 min.) 
20-50 8-4 (Oxygen being evolved) 
50-80 7-0 (Oxygen being evolved) 
80-110 8-4 6-4 8-1 
110-150 7-5 5-0 4-5 
150-170 7-2 4-2 3-3 
% of initial Qo, 89 42 30 


after 150 min. 
Mean 36 % 
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40 pl. oxygen, and the total time of exposure to 
free peroxide lasted 60 min., during which time the 
peroxide was completely decomposed by the brain 
catalase. About 40 % of the brain respiration was 
poisoned by this treatment (Table 14). 

This sensitivity to peroxide is no doubt associated 
with the low catalase content of brain tissue, and 
the consequently persistent effect. Fujita & Kodama 
(1931) found that the Qyataiase of rabbit grey matter 
is 75, compared with 1700 in liver (of mouse). We 
obtained values of 53-73 for fresh grey matter of 
rat brain (Dickens, 1946). The catalase content of 
succinoxidase preparations made from pig heart in 
the usual way was so high that the addition of 
0-1 ml. 1 % H,O, had no measurable effect on the 
activity of this enzyme; the added peroxide, equiv. 
to 330 yl. oxygen, was quantitatively decomposed 
in under 5 min. The Schales (1938) test for peroxide 
was quite negative shortly after the addition. On 
the other hand, the succinoxidase activity of homo- 
genized rat-brain cortex was reduced to a very low 
level by the addition of minute traces of hydrogen 
peroxide (Table 15). The tissue shown in Table 15 
was rather exceptionally sensitive, but poisoning of 
a similar order was regularly observed. Care was 
taken in these experiments to avoid as far as pos- 
sible contamination with blood, which is rich in 
catalase. 


Table 15. Effect of traces of hydrogen peroxide on the 
succinoxidase activity of homogenized rat-brain 
cortex 


(Each vessel contained 40 mg. fresh wt. of cortex homo- 
genized in 1 ml. m/30 phosphate buffer of pH 7-4. The 
vessels had two side bulbs, containing H,O, and succinate, 
respectively. Water was added to the main part of the 
vessels to make the total volume 2 ml. Measurements in 
air at 37-5°, with NaOH in central well of vessel for 
absorption of carbon dioxide.) 


Control Experimental vessels: bulbs con- 





Period vessel: tained H,O, equiv. to oxygen (l.): 
(min.) No H,0, 3 33 333 
0-10 Add H,0, to tissue at 0 min.; 
decomp. in 10 min. 
Add succinate at 10 min. 
Oxygen uptake (yl.) due to succinate 
‘ - 7 a = a) 
0-15 50 18-5 1 3 
15-60 117 41 ft 9 
% Poisoning of b4 97 93 
succinoxidase 


Is hydrogen peroxide formed in brain tissue exposed 
to oxygen? Amounts of H,O, which poison the 
succinoxidase of brain (c. 5 yg./ml. of suspension 
liquid; equiv. to 1-65 ul. O,/ml.) are close to the 
lower limit of the sensitive Schales (1938) test. By 
working in complete darkness the chemilumi- 
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nescence due to the addition of 0-1 wg. H,O, to 
brain tissue in presence of cyanide, or 1 yg. in 
absence of cyanide, was just detectable. On one 
occasion a positive reaction was observed in a blank 
experiment in which Ringer’s solution alone was 
incubated in oxygen; it was attributed to autoxida- 
tion of a trace of the lanoline used for greasing the 
stoppers, but this could not be repeated. In spite 
of the very high sensitivity of this test, no positive 
reaction for peroxide was ever seen when brain 
tissue was present, with or without sodium azide 
or cyanide to inhibit catalase, which could be inter- 
preted as due to peroxide formation by brain tissue. 
For these tests brain slices or homogenate were 
incubated in Ringer’s solution exposed to pressures 
of oxygen from 1 to 4-4 atm. for 2 hr. 

Lack of correlation between oxygen sensitivity and 
catalase content of various tissues. If the formation 
and accumulation of hydrogen peroxide were the 
primary cause of oxygen poisoning, one would 
expect those tissues with a low content of catalase 
to be highly sensitive to oxygen, and the converse. 
This is the case when brain and liver tissue are 
compared, as we have just seen, but the relationship 
breaks down completely when other tissues are 
studied. The tissues, arranged in their order of 
oxygen sensitivity (see Table 9) are: 


brain > liver > testis > kidney > lung > muscle, 


while the catalase content of these tissues, from 
various species, is, according to Fujita & Kodama 
(1931), in the ratio: 


75 :1700: 180: 500: 470: 70. 


Thus brain tissue and muscle, which have respec- 
tively the highest and lowest sensitivity to oxygen, 
both have a very low catalase content, while liver, 
which is quite sensitive to oxygen, has the highest 
catalase content. 

These facts make it difficult to believe that 
hydrogen peroxide could be liberated during the 
exposure of brain tissue to oxygen in amounts 
sufficient to explain the poisoning of brain respira- 
tion. There seems to be no very satisfactory method 
for eliminating the possibility that the hydrogen 
peroxide formed, if any, might have its destructive 
action localized to certain highly active centres 
spatially connected with the centres at which the 
peroxide itself originates, where it might be expected 
to undergo decomposition and thus escape detection. 

The fact that succinoxidase of brain is so highly 
sensitive to peroxide, while glucose oxidation (in 
slices, at any rate) is more resistant, may be taken 
as evidence against the view that the oxygen 
poisoning of brain is due to formation of hydrogen 
peroxide; for the succinoxidase system of brain is 
more resistant to oxygen than is the glucose oxida- 
tion system. 


(7) Effect of oxygen poisoning of brain tissue of the 
addition of vitamins, coenzymes, narcotics, 
reducing substances, etc. 


An extensive series of experiments was made to 
see if oxygen poisoning could be prevented by the 
addition to respiring brain slices or homogenate of 
a wide variety of substances, coenzymes and 
vitamins, drugs for which beneficial effects in 
oxygen poisoning had been claimed, and a few 
other likely compounds. None of these attempts 
was successful, though transient prolongation of 
respiration was observed with some, and a few 
seemed to accelerate slightly the fall of brain re- 
spiration under the influence of H.0.P. (Table 16). 

The effects included under the column headed 
‘Remarks’ in Table 16 were in no case of such mag- 
nitude as to appear to warrant extended investiga- 
tion. The lack of protective action of the narcotics 
and of bromide was disappointing in view of the 
marked prolongation of convulsion time observed 
by Marks (1944) with these substances in mice. 
Riboflavin and nicotinamide have been claimed by 
Fahr (1941) to protect guinea-pigs against con- 
vulsive effects of 4-5 atm. oxygen. Glutathione and 
cysteine have been stated to protect also (Massart, 
1935; Fahr, 1941), but glutathione does not protect 
the respiration of brain tissue in vitro (Table 16). 
Marks (1944) could not obtain evidence of protective 
action in vivo with any of these substances. None 
of the members of the B group of vitamins tested 
protected brain respiration, in spite of their close 
connexion with carbohydrate metabolism ; the effect 
of panthothenic acid, which was very slight, may 
well have been due to the calcium content of the 
preparation used. The effect of adenine, adenosine 
and cozymase in slightly prolonging the fall of 
brain-tissue respiration is curious but not large 
enough to be of much interest. 

The most striking effect, one that was repeatedly 
observed, was the increased rate of fall of brain 
respiration in presence of even small traces (0-001m) 
of glutamic acid or glutamine. This was not due to 
excessive acid production by the tissue in presence 
of the amino-acids (cf. Weil-Malherbe, 1938), and 
the simultaneous presence of pyruvic acid did not 
remove the potentiation of oxygen toxicity by 
glutamate. It is possible that the effect is due to 
the very pronounced ability of glutamic acid to 
form complexes with heavy metals (Lehmann & 
Pollak, 1942). In vivo 10mg. doses of glutamine 
given by injection to mice had no effect on the con- 
vulsion time (Marks, 1944). 

The effect of diets rich or poor in vitamins of the 
B group on the resistance of the rats’ brain tissue to 
oxygen. Since it was possible that only the pro- 
longed administration of a substance, and its 
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Table 16. Effect of various vitamins, coenzymes, drugs, etc., on the poisoning 


of brain-tissue respiration by oxygen 


I. Rat-brain cortex—slices. Suspended in phosphate-Ringer’s solution, with glucose (0-2 %) unless otherwise stated. 


Substance added during 
exposure to oxygen 


Aneurin 


Riboflavin 


Pyridoxine 


Calcium d( + )-pantothenate 


Nicotinamide 


Nicotinic acid 
Ascorbic acid 
(Vitamin B complex 


Adenylic acid (of muscle) 


Adenylic acid (of yeast) 
Adenine 
Adenosine 


Cozymase 


Flavoprotein (‘Old yellow 
enzyme’) 


Fructose (no glucose present) 
Pyruvate 


a-Ketoglutarate 


Glutamate 
Glutamine 


Pyruvate + glutamate 


Sodium bromide 
Luminal 
Chloretone 
Ethanol 


Glutathione 

Various sulphydryl com- 
pounds 

Ammonium chloride 
(Metallic ions 


II. Homogenized brain tissue 
Nicotinamide 
Adenylic acid (of muscle) 
Cozymase 


* Method A: Warburg manometers with observers in large compression chamber at pressure; 
pot apparatus. As described in text. 
t ‘Over 90 % of persons with this concentration of alcohol in the blood are obviously drunk’ (Goodman & Gilman, 1943). 


Cone. in Oxygen 

Ringer’s pressure 

solution (atm.) Method* 

Vitamins, coenzymes, etc. 
0-5 mg./ml. 2-9 A 
0-5 mg./ml. 2-9 A 
2-5 pg/ml. 2-9 A 
25 pg./mal. 2-9 A 
2-5 pwg./ml. 2-9 A 
5 and 20 ywg./ml. 3-4 B 
50 pg./ml. 2-9 A 
5 mg./ml. ‘9 A 
0-5 mg./ml. 2-9 A 
0-5 mg./ml. 2-9 A 
1-3 mg./ml. 2-9 A 
1-3 mg./ml. 2-9 A 
1 mg./ml. 2-9 A 
1 mg./ml. 2-9 A 
0-5 mg./ml. 2-9 A 
5 mg./ml. 2-9 A 
Metabolites 

0-2 % 2-9 A 
0-01lm 3-4 B 
0-01mM 4-8 B 
0-01-0-001 m 2:9 and3-4 AandB 
0-01-0-001 m 2-9 and 3-4 AandB 
0-01mM+0-01m 3-4 B 

Narcotics, sedatives and miscellaneous 
0-05 % 3-4 B 
0-05 % 3-4 B 
0-03 % 3-4 B 
0-3 %T 3-4 B 

4:8 B 

0-5 mg./ml. 2-9 A 
0-5-5 mg./ml. 4-4 B 
0-19 mg./ml. 2-9 A 


2-5 mg./ml. 


1 atm. in labora- 


— tory as usual 


Remarks: effect on brain 
poisoning by oxygen 


No effect (i.e. same as control por- 
tion without addition) 
No effect 
a rate of fall, larger with 
/ the larger dose; neither dose is 
{ toxic in air 


Slight protection in exp. by method 
B, none in other exp. 


Slight initial increase of respn. 
followed by usual fall 

No effect 

No effect 

No effect: feeding experiment; 
Tables 4 and 17) 

This cone. slightly inhibits respn., 
but does not stop fall 

Same as muscle adenylic acid 

A slightly delayed fall 

Initially increases resp. and delays 
its fail from about 140 to 180 min. 

Slight but delayed effect in arrest- 
ing fall, after 2-3 hr. contact 

No effect 


Fall similar to that with glucose 

Fall slightly greater than without 

pyruvate 

Unlike glutamate and glutamine, 

does not affect the toxic action 
of O, 

Accelerate the toxic effect of O,; 
( the toxicity of O, with both subs. 
| is much increased with rising 

pressure 

As toxic as glutamate alone 


No protection (2 exp.) 
No protection (2 exp.) 
No protection 

Very slight protection 
No protection 

No effect 

No protection 


Increased rapidity of fall 
see Table 18) 


,No protection as compared with 
| control in oxygen at 1 atm. The 

control in air at 1 atm. was 
slightly protected by cozymase; 
\ l exp. only 





Method B: Pressure 
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incorporation into the actual tissue, might be effec- 
tive, rats were fed on a synthetic diet with or without 
addition of B vitamins. The B group was selected 
for this test because of its known importance in 
carbohydrate metabolism. 

The basal diet consisted of: casein, 20; rice starch, 75; 
salt mixture, 4; cod-liver oil, 1 part. The salt mixture con- 
tained NaCl, MgSO,, Na,gHPO,, KH,PO,, CaHPO,, ferric 
citrate, and calcium lactate. Fifteen g. of basal diet/rat/day 
was made into a paste with water, and additional water 
was given ad lib, The yeast-fed group of rats received, in 
addition to the above diet, dried yeast to the amount of 
5 % of the basal diet. The rats ate both diets completely 
up to the sixth day; afterwards the rats on basal diet left 
uneaten about half their ration each day. The yeast-fed 
rats ate all their diet throughout the experiment, which 
lasted 37 days. 


The respiratory rate of slices of the brain cortex 
of these rats was measured after 10, 17, 23, 30 and 
37 days feeding. One rat from each dietary group 
was killed on each of these days, and simultaneous 
measurements of respiration were made for each 
animal in air and in oxygen at 1 atm. The results 
have already been presented in Table 4. The rate 
of fall of respiration was if anything slightly greater 
in the yeast-fed animals, as compared with the 
non-yeast group, while on the usual mixed diet the 
fall was a little less than in either the yeast-fed or 
non-yeast groups. The differences, however, are 
probably not significant, and a much larger number 
of experiments would be needed to prove their 
reality or otherwise. On the whole, it may be con- 
cluded that feeding B-group vitamins does not exert 
any protective action; on the contrary, the brain 
tissue of yeast-fed rats is possibly slightly more 
susceptible. With the same material, one experi- 
ment was made at pressure. The rats had undergone 
11 days’ feeding, and the respiration of cortical 
tissue was measured in the large compression 
chamber in air and in oxygen at 2-9 atm. The 
results (Table 17) with and without yeast feeding 
are very closely alike, and they provide no evidence 
that the richness or lack of B vitamins has affected 
the susceptibility of brain respiration to H.O.P. 


Table 17. Respiration of brain tissue of rats fed on diets with or without yeast supplement. 
Measured at 2-9 atm. oxygen or air 


(Feeding period 11 days. Diets as in text. Slices of cerebral cortex in phosphate-Ringer’s solution with glucose at 37-5°) 
Respiration rate (Qo,) as % of initial rate 
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(8) Protection of brain respiration against the toxic 
effect of oxygen by divalent cations (magnesium, 
manganese, cobalt) 









(a) Magnesium ions. A hint that the divalent 
metallic ions might be concerned in the stabilization 
of brain-tissue respiration against oxygen was pro. 
vided by the earlier experiments at 1 atm. oxygen 
or air, in which, as already mentioned (p. 149), 
the presence of magnesium in the Ringer’s solution 
then used probably accounted for our earlier failure 
to confirm Mann & Quastel’s observations with 
tissue slices at 1 atm. Here a physiological con- 
centration of magnesium was present (cf. Table 1), 
and this seems to have been sufficient to protect 
against the very slightly toxic effect of oxygen 
observed at this pressure in absence of magnesium 
(Table 4). 

This interpretation is supported by the results 
of similar measurements made at higher pressures 
in presence and absence of magnesium. Reference 
to Table 5, Exps. I and II, will show that the mean 
fall of respiration in these two experiments (at 
2-9 atm.) is significantly lower than in the other 
experiments of Table 4; these first two experiments 
were made in magnesium-containing Ringer’s solu- 
tion, while the others in Table 5 were in magnesium- 
free Ringer’s solution (of composition as given in 
Table 1). There is, however, quite a large fall of 
respiration, even when a physiological amount of 
magnesium is present, at oxygen pressures of this 
order (2-9 atm.). 

By increasing the magnesium content of the 
Ringer’s solution above the normal physiological 
level, still more protection of brain respiration may 
be obtained (Table 18). The much smaller fall of 
respiration in the magnesium-containing media is 
clearly evident, especially in the first 23-3 hr. of 
the first experiment. A curious feature, which has 

not been further studied, is the slow but considerable 
acceleration of brain respiration during the com- 
pression in air, when the medium contains ab- 
normally high amounts of magnesium. This is 
denoted by the minus sign of the ‘fall’ of respiration, 































= 
Period (min.) 40-60 60-80 
Diet Gas 
No yeast added Air 103 108 
O2 99 100 
(dupl.) 102 93 
With yeast Air 103 109 
supplement O. 98 98 
(dupl.) 98 94 





80-100 100-120 120-140 140-160 160-180 






110 97 101 101 104 
92 83 76 66 56 
88 77 69 66 55 

107 99 103 106 106 
95 92 77 67 46 
91 93 76 71 63 
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Table 18. Effect of the magnesium content of Ringer’s solution 
on the oxygen poisoning of brain-tissue respiration 


(Slices of rat-brain cortex suspended in phosphate-Ringer’s solution of composition I (Table 1), containing Na, K and 
Ca; compared with slices in similar medium but containing also Mg ions. Glucose 0-2 %.) 


I. Experiments in large compression chamber; pressure 2-9 atm. 


Oxygen 
Initial 

Qo, 
Hr. of exp. ... 1 
13-9 3-5 


initial value 
2 
Mean of all previous 18 28-5 
results (Table 5) 

This exp.: 

In Ringer without Mg 

With Mg =2-7 x 10-*m* 

With Mg=10-?m 


14 27 
-10 -2 
8 


4 


5 


13-1 
12-6 
13-6 


-5 


Fall of resp. as % of 


Ai 


SS ee 
Fall of resp. as % of 
initial value 


+ t ae 
Initial 
Qo, 

ete: 
34 
66 


7 
34 
-1 


3 


5 -l 


3 24 


47 


at 
-27 


-18 


—4 
-35 
-45 


-8 
-—16 
-19 


14:5 
11-0 
11-0 


47 
18 
33 


65 
44 
45 


* This is approx. three times normal serum Mg content (other exp. about ten times). 


II. Experiment in pressure-pot apparatus; pressure 4-4 atm. 


(Exposure was for 100 min. in phosphate-Ringer’s solution containing glucose, with or without the addition of sufficient 
u/6 MgCl, to bring the Mg content to about seven times the normal serum Mg. The tissue was then rinsed in ordinary 
phosphate-Ringer’s solution, without Mg, and the respiration rate measured (glucose present).) 


Conditions during exposure 


In absence of Mg 


In presence of 7-7 x 10-°m-Mg 


in Table 18, and is probably to be considered, in 
part at any rate, as a slow removal of an initial 
slight inhibition of respiration by magnesium as 
the experiment proceeds. That the protective effect 
of magnesium is merely due to its narcotic action 
seems improbable in view of the fact that other 
narcotics (!uminal, chloretone, bromide, aleohol) do 
not protect (Table 16), and because manganese and 
cobalt are also protective (vide infra), in fact much 
more strongly so than is magnesium. 

(b) Cobalt ions. At this stage of the investigation 
the work on phosphoglucomutase, detailed in 
Part II (Dickens, 1946), was in progress, and we 
were impressed by analogies between the behaviour 
of brain-tissue respiration towards oxygen and 
magnesium, and of this enzyme towards oxygen, 
which inhibits it, and towards magnesium ions, 
which accelerate its action. The fact that the action 
of phosphoglucomutase is also accelerated very 
strongly by other metals besides magnesium (cobalt, 
manganese), while it is inhibited by copper and 
zine ions, even in low concentrations, led us to try 
the effect of these metals on oxygen poisoning, with 
the surprising result that traces of cobalt or man- 
ganese were found to give a definite, and in some 
instances complete, protection of brain-tissue re- 
spiration against the toxic effect of oxygen. 

The results with cobalt are shown in Table 19. 
Almost complete protection has been observed with 
concentrations of cobalt salts from 5x 10-5m up- 
wards. Lower concentrations (10-5m) are insuffi- 
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Qo, after 
exposure 
3-5 
6-5 


cient to give more than slight protection (see Exps. 
I-III, Table 19). In absence of glucose following 
the exposure to oxygen, the respiration of brain 
tissue, even when protected by cobalt during ex- 
posure to H.0.P., is very low. This shows that it is 
a true glucose oxidation that has been preserved 
in the brain tissue by the presence of cobalt during 
exposure to H.0.P. (Exp. III, Table 19). Oxidation 
of lactate and pyruvate is also protected against 
H.O.P. by cobalt (Exp. IT, Table 19). However, 
cobalt is unable to restore an already poisoned brain 
respiration (Exp. IIT, Table 19). 


There are some variations in the value of Qo, in Table 19, 
even when cobalt has been present during exposure to 
u.0.P. (cf. Exp. I, duplicates with 2 x 10-*m-cobalt, for 
example). It should be remembered, however, that the 
brain tissue has been exposed to quite a long period of 
handling (over 100 min.) before these measurements began, 
and the values observed are, in fact, about as good as 
experience would lead one to expect. One noteworthy 
feature is the gradual rise of Qos sometimes seen after 
transfer from cobalt-containing Ringer’s solution to cobalt- 
free (e.g. Table 19, Exp. III, on transferring from 2 x 10-*m- 
cobalt to Ringer’s solution with glucose; period 0-30 and 
30-60 min. after transfer). At 1 atm. of oxygen, cobalt 
does not affect brain respiration (glucose present) until 
the concentration rises to 10-*M, when it is very slowly 
toxic. The concentrations used in the above experiments 
were all below this level. 

(c) Manganese ions and comparison with some 
other metals. Among the other metals tested, man- 
ganese was the only one with a protective action 

il 





F. DICKENS 


Table 19. Effect of traces of cobalt in protecting brain-cortex respiration 
against the toxic effect of oxygen 


A. Slices of rat-brain cortex suspended in phosphate-Ringer’s solution containing glucose, with or without cobalt. After 
compression under oxygen, the slices were rinsed, and the Qo, measured, in cobalt-free Ringer’s solution at 1 atm. 
The control sample was maintained throughout in air at 1 atm. 


Oxygen pressure: 4-4 atm. for 100-105 min. Method B. 


Qo, measured after exposure in presence of following 


pe 
Cobalt salt 0 10-5 
3-6 —- 
4-6 -— 
2-0 ia. 
2-6 A. 


Exp. no. 


I Acetate (dupl.) 


Il Acetate (dupl.) 


Acetate 
0-30 min. 1-8 3-0 
30-60 1-9 2-9 
60-90 1-9 23 


Same brain: but after exposure to H.0.P. transferred into glucose-free 


measurements of tissue respiration: 
0-30 2-8 _ 
30-60 1-9 — 
60-90 1-8 —_ 
IV Sulphate 3-1 — 


cobalt concentrations (M) 


SS -, Air control 
2x10 3x10-* (no cobalt) 


11-3 43 
7-2 


8-6 


5x10-5 


inger for the following 


. Slices of rat-brain cortex in phosphate-Ringer’s solution containing lactate or pyruvate, with or without cobalt. After 
compression under oxygen at 4:4 atm. for 100 min., the slices were rinsed, and the measurement of Qo, made, in 
cobalt-free Ringer’s solution containing the same substrate as during the compression. 


Substrate 


Without added cobalt 
Cobalt, 2 x 10-4M, present 
during exposure to H.0.P. 


== 
Glucose 
(0-2 %) 


Qo, after exposure to H.0.P. 

= A ce | 

Lactate Pyruvate 

(0-01 m) (0-01 m) 
5 5-0 1:8 

— 9-2 8-2 


‘’. Lack of restoration of oxygen poisoned respiration by subsequent addition of cobalt. (Slices of rat-brain cortex 
suspended in phosphate-Ringer’s solution with glucose. Poisoned by 100 min. exposure to 4-4 atm. oxygen.) 


Q { Before adding Co 
2 |After adding CoSO,, 2 x 10-4 - 


=2+1 
=15 


Another similar exp. at 5 atm. oxygen for 80 min. gave a similar result. 


comparabie with, or even surpassing, that of cobalt. 
The concentrations of manganese necessary were 
very similar to those of cobalt ; 2 x 10-4m-manganese 
gave nearly complete protection of brain respiration 
against the toxic effect of 4-4 atm. of oxygen for 
100 min. The protection was very sustained; after 
transfer to manganese-free Ringer’s solution at 
1 atm., Qo. remained virtually constant for 2 hr. 
when this concentration of manganese was present 
during exposure of brain slices to H.o.P. (Table 20). 
Lower concentrations of manganese (5x 10-5m) 
gave quite a good degree of protection, but after 
transfer to fresh Ringer’s solution the respiration 
rate was rather less constant than when the higher 
concentration of manganese was present during 
incubation under H.0.P. 

Nickel salts and iron salts in 2 x 10-4m-solution 


gave a slight degree of protection (Table 20). 
Ferrous salts could not, of course, be present with 
these high oxygen pressures, and ferric sulphate 
was used for these experiments: it was largely pre- 
cipitated as phosphate on adding to Ringer's 
solution, but evidently enough remained in solution 
to give some protection. These two metals exerted 
only a transient effect, and the respiration of brain 
tissue fell off fairly rapidly on transferring the tissue 
to ordinary Ringer’s solution after H.o.p. Copper 
salts gave even less protection, and the fall of 
respiration after transfer was still greater. Zinc ions 
in the highest non-toxic concentration (2 x 10-m), 
as determined at 1 atm. of oxygen, gave no pro- 
tection against 4-4 atm. H.o.P. for 100 min., and 
were perhaps slightly toxic under u.0.P. (cf. 
Table 20). 
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Table 20. Effect of traces of other metals (Mn, Ni, Fe, Cu, Zn) 
on the stability of brain respiration towards H.0.P. 


(Conditions as in Table 19. Slices of rat-brain cortex in phosphate-Ringer’s solution containing glucose were exposed 
to oxygen pressure in the presence of the concentration of metal salt named below. After the exposure, the slices were 
rinsed and transferred to ordinary Ringer’s solution containing glucose, for measurement of the remaining respiratory 


activity.) 
Oxygen pressure: 4-4 atm. for 100 min. 
Exp. no. 
I Salt added None MnSO, MnSO, MnSO, CuSO, MgCl, 
Molarity of salt 0 2x 10-4 5x10 10> 2x10-4 7-7 x 10-3 
Respiration rates (Qo,) after exposure 
3-5 8-0 6-3 6-8 4:5 6-5 
(well main- (falling) (falling) (falling (maintained) 
tained) rapidly) 
Protection by salt added 
+++ ++ ++ + ++ 
If Salt added None CoSO, NiSO, MnSO, _— Fe,(SO,)s ZnSO, 
Molarity of salt 0 All 2-3 x 10-4 
Respiration rate (Qo,) after above exposure 
3-1 7-7 4-9 7:8 4:8 2-8 
Protection +> + + + + a 
DISCUSSION imply that among the brain centres (according to 


These experiments have established the fact that 
the respiration of isolated cerebral cortical tissue 
is progressively and irreversibly poisoned by ex- 
posure to high oxygen pressures. Even at 1 atm. 
of oxygen, this effect slowly becomes evident when 
the respiration is compared with that in air. At 
pressures above | atm. the rate of poisoning steadily 
increases with rising oxygen pressure, and the time 
required toe produce a given degree of poisoning is 
approximately inversely proportional to the oxygen 
pressure. 

The time course at any given pressure of this 
poisoning is of a sigmoid type, and evidence has 
been presented that it conforms to a probability 
curve, with time as a linear abscissa and percentage 
poisoning as ordinate. Action curves of this type 
are familiar in pharmacology and their interpreta- 
tion has been reviewed by Clark (1933) and Bliss 
(1935); the latter, especially, adopts the viewpoint 
that such curves are ‘primarily descriptive of the 
variation in susceptibility of the individuals of a 
population’ (Bliss, 1935). In the present instance, 
the assumption would be that the brain tissue is 
composed of cells whose individual susceptibility to 
oxygen is arranged according to a normal distribu- 
tion curve; as the number of cells in even a smail 
slice of tissue is large our experiments yield directly 
curves of this type. It is, however, worth noting 
that the interpretation of such curves is still contro- 
versial and that closely similar curves can be derived 
from different premises, e.g. autocatalytic and chain 
reactions and adsorption equations. But if the 
‘statistical’ interpretation be adopted it would 


Bliss, cells) a small proportion is very highly sen- 
sitive to oxygen. 

Relationship of onset of symptoms to degree of oxygen 
poisoning in vitro. The importance of this interpre- 
tation of the measurements is that the symptoms 
of oxygen poisoning in vivo might be related to 
a stage of brain poisoning when the respiration of 
the brain as a whole would be only very slightly 
affected. 

The time-pressure relationships for oxygen 
poisoning in divers have been investigated by 
several authors with varying results. Behnke e¢ al. 
(1935) give as the ‘comparatively safe’ periods for 
a healthy man in pure oxygen, 4 hr. at 1 atm., 3 hr. 
at 2 atm., 2 hr. at 3 atm. and <45 min. at 4 atm. 
Undersomewhat different conditions, Donald (1943), 
and Brown, Downman, MacIntosh & Williams (1944) 
observed toxic effects after much shorter exposures, 
and the former author obtained results conforming 
to one or other of the two equations: 

1086 


——— or 


t=— ~ log t= 2-368 — 0-0152d, 
d — 39-7 


where ¢ min. is the mean time of onset of symptoms 
and d ft. the depth of dive when pure oxygen is 
breathed.* There is an obvious resemblance be- 
tween these equations and the relationship described 
in the present work between the total oxygen pres- 
sure (P atm.) and the time (¢ min.) for a given 


* The former of these equations was based on preliminary 
observations, and a more elaborate statistical analysis of 
Donald’s figures was later made by Haldane & Spurway 
(1944). 
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percentage poisoning of brain respiration, which 
may be written 
k 
in 
where & and k’ are constants and a has a value 
between 0 and 1 (cf. p. 154). 

In any attempt to compare such data one is 
confronted with the fact that the actual oxygen 
tensions at and within the tissue are unknown, both 
in vivo and in vitro. Neglecting this, and also the 
different species (man and rat), calculation shows 
that whilst the estimates of onset of toxic symptoms 
in oxygen at 3 atm. (= 66 ft. depth) vary from about 
2 hr. (Behnke e¢ al. 1935) to 41 or 23 min. (equations 
of Donald’s observations, above), the percentage 
poisoning of the respiration of isolated brain tissue 
exposed to the same overall pressure of oxygen 
would be approximately (Fig. 4), after 2 hr. 20 %, 
and after 30 min. <2 %. If the probable assump- 
tion is made that, for a similar external pressure of 
oxygen, the oxygen tension in the brain tissue 
in vivo is considerably less than that prevailing 
within the tissue in vitro, it is clear that only a low 
percentage poisoning of brain respiration could be 
expected to accompany the first clinical symptoms 
of oxygen poisoning. This statement would be in- 
validated if human brain tissue were much more 
sensitive to oxygen than rat brain, but as the con- 
vulsion times in man and rat are not widely different, 
this seems unlikely. 

In spite of the low percentage poisoning of brain 
respiration which our measurements would lead us 
to expect as the outcome of periods of exposure to 
oxygen which clinically produce symptoms and 
signs of oxygen poisoning, there is a good deal of 
support for the view that these events are in fact 
related: (1) the pressure-time relationships for the 
two are closely similar; (2) nervous tissue is ex- 
ceptionally sensitive to oxygen, both in vivo and 
in vitro; (3) oxygen inhibits particularly the oxida- 
tion of carbohydrate and its intermediates (glucose, 
fructose, lactate, pyruvate), which are known to be 
the main energy sources in brain metabolism. 

A closely similar dilemma is encountered in 
attempts to explain the effects of narcotics on the 
basis of the inhibition of brain respiration which 
they produce in vitro. For example, a concentration 
of ethyl urethane which causes deep narcosis pro- 
duces only 6 % inhibition of brain respiration; but, 
just as with oxygen poisoning, the inhibition pro- 
duced by narcotics is strongest in nervous tissue, 
and there is evidence that the oxidation of carbo- 
hydrate is particularly affected (Quastel, 1939). 

It will be assumed in what follows that these 
slight poisonings are causally related to the narcosis 
or oxygen toxicity which accompany them in vivo, 
although direct proof of this would be exceedingly 





(or log t=k’—log (P—a)), 
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1946 Vi 
difficult to obtain. Two main lines of interpretation 19 
are available: (a) anatomical, (b) chemical. On the a 
former it would be assumed that the poisoning of a 
certain hypersensitive units was involved; these | }, 
units could be cells performing specialized functions mt 
(cf. the views of Bliss (1935) already discussed), or lis 
else in Quastel’s view (1939) ‘specific areas or & 
centres’ of the brain. Quastel (1939) suggested that * 
interference by narcotics with glucose oxidation at | , 
these centres caused, in effect, a local anoxaemia. a 
The chemical explanation is fundamentally dif- | ,, 
ferent, and is that adopted by Michaelis & Quastel 
(1941). Itis assumed that narcotics or oxygen would pe 
interfere with the catalytic function of some com- 3 
ponent of brain tissue. In their later work on | }, 
narcosis, Michaelis & Quastel (1941) consider that on 
the narcotic interferes with the catalytic function | ,, 
of ‘either a special flavoprotein or some component | ,, 
of the tissue respiratory system which plays an gh 
intermediate role between flavoprotein and cyto- | of 
chrome oxidase’. The chemical type of interpreta- pr 
tion will be adopted in this discussion of oxygen } ,, 
poisoning, and it will be seen that there are strong } y, 
arguments in its favour. ph 
Relationship of oxygen poisoning to intermediary ¥ og 
metabolism. The fact that several of the enzymes | ,, 
believed to be concerned in the carbohydrate | }, 
metabolism of brain are known to be oxygen- [ 4, 
sensitive (cf. Dickens, 1946) makes it attractive to eq 
consider the possibility that one such enzyme might py 
be more affected than the others, and that oxygen } 4). 
poisoning might primarily be due to this. The | ,, 
relevant facts are: (1) oxidation of glucose, fructose, gl 
lactate and pyruvate is poisoned; (2) oxidation of | jp, 
succinate is more resistant, particularly in slices; sy 
(3) poisoning of the (predominantly carbohydrate) | 1, 
oxidation in brain tissue results in loss of ability } jy. 
to convert glucose to lactic acid (p. 158); (4) the (l 
poisoning is irreversible; (5) addition of a wide { 6 
variety of coenzymes and related substances failed | 5; 
to prevent poisoning of brain respiration by oxygen; 
(6) narcotics also failed to protect; (7) addition of 
traces of magnesium, manganese or cobalt ions | 0x 
during the exposure to oxygen had a strongly pro- | ™ 
tective action. Ability to oxidize glucose, lactate | * 
and pyruvate was thus protected (tested for cobalt), | ™ 
while manganese protected succinate oxidation Z 
against oxygen poisoning in homogenized brain. | ,, 
These metals were unable to restore an already (B 
poisoned tissue respiration. ‘D 
The following are the resemblances and differences | R 
between oxygen poisoning and narcosis of brain | of 
tissue: narcotics poison the oxidation of glucose, ] 
lactate and pyruvate; that of succinate is more | “ 
resistant. The lactic fermentation of brain tissue | ™ 
is only slightly poisoned by concentrations of nar- z 
cotics which strongly inhibit respiration. The effect . 
of narcotics is largely reversible (for lit. see Quastel, | ¢) 





1946 


tion 
| the 
iz of 
hese 
‘ions 
), or 
3 or 
that 
n at 
nia, 
dif- 
stel 
yuld 
om- 

on 
hat 
tion 
ent 


rto- 
ta- 
yen 
ong 


ary 


-— Bh 


_ &@ @ 





Vol. 40 


1939). The effect of manganese and cobalt ions on 
narcotized brain has not been studied, but mag- 
nesium ions, which are themselves narcotic, inhibit 
brain respiration when they are present in excess; 
in physiological concentrations magnesium stabi- 
lies brain respiration at a constant level (Dickens 
& Greville, 1935).* While narcotics generally 
stabilize the tissue respiration at a low level (after 
ashort preliminary period of adsorption), the toxic 
effect of oxygen, being irreversible, is continuous 
and progressive with the time of exposure. 

It is suggested that the primary effect in oxygen 
poisoning of brain tissue may be the inhibition of 
pyruvic oxidase. The secondary effects of this would 
be the general poisoning of carbohydrate oxidation, 
since all known paths of carbohydrate oxidation 
converge at the stage of pyruvate. This would 
explain why oxygen-poisoned brain cannot oxidize 
glucose, fructose or lactate. The partial persistence 
of succinate oxidation after oxygen poisoning is 
probably explained by the partial survival of 
succinoxidase activity ; probably R.Q. measurements 
would reveal that oxidation of succinate is incom- 
plete in poisoned brain tissue. (Some of the results 
of Laser (1942) on variations of the R.Q. and/or 
aerobic acid production from succinate could also 
be interpreted in a similar way, although as only 
the ‘apparent R.Q.’ was measured these results are 
equivocal.) It is not so obvious why inhibition of 
pyruvic oxidase should destroy the ability of brain 
tissue to form lactic acid anaerobically (p. 158), 
even though the oxidase is not a component of the 
glycolytic system, but consideration shows that 
irreversible inactivation of the pyruvic oxidation 
system would be expected to lead to this result. 
Inactivation of this system would prevent the 
resynthesis of adenosine triphosphate, for Ochoa 
(1943) has shown that the oxidation of one molecule 
of pyruvate is capable of yielding no less than fifteen 
high-energy phosphate bonds, a considerable pro- 


* The present work may be regarded as showing that 
oxygen is a ‘stress factor’, which reveals the need for trace 
metals (manganese, cobalt, in addition to magnesium) to 
stabilize fully the respiration of brain tissue. Hitherto the 
need for such substances had been shown in isolated enzyme 
systems. Brain tissue contains manganese in about 10-°M. 
concentration (Lund, Shaw & Drinker, 1921), while human 
whole blood has one-half to one-tenth of this amount 
(Reiman & Minot, 1920). These are not far below the 
‘protective’ concentrations required in magnesium-free 
Ringer’s solution. It is suggested that for measurement 
of tissue respiration, which is usually done in 1 atm. O, 
to increase oxygen penetration, the Ringer’ssolution should 
contain approximately 10-°m-manganese sulphate. A 
similar amount of cobalt salt might also be added. The 
improvement in Krebs & Henseleit’s saline (Table 1) due 
to its content of magnesium has been demonstrated in this 
paper, and the above additions would probably reinforce 
this action (cf. Tables 18-20). 
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portion of the total number formed in carbohydrate 
oxidation. Dickens & Greville (1933) observed the 
loss of glycolytic power of brain tissue after its 
exposure without substrate to anaerobic conditions 
even for a few minutes, and this effect was shown 
by Macfarlane & Weil-Malherbe (1941) to be due 
to loss of adenosine triphosphate; both effects were 
associated in time and were irreversible. Conse- 
quently, inactivation of the normal resynthesis of 
adenosine triphosphate resulting from poisoning of 
the pyruvic oxidase system is the probable explana- 
tion of the loss of ability of oxygen-poisoned brain 
tissue to form lactic acid anaerobically. 

Powerful support for this view is provided by 
known properties of the enzyme system. Pyruvic 
oxidase of animal tissues, including brain, is a com- 
plex system in which the intermediate steps are 
not yet fully understood. The greater stability of 
the bacterial enzyme system have enabled Lipmann 
(19394, b) to show that, in addition tothe apoenzyme 
(‘protein’), inorganic phosphate, diphosphoaneurin, 
a flavin, and (cf. Still, 1941) manganese, magnesium 
or cobalt are necessary for its activity. The primary 
reaction products are acetyl phosphate, the source 
of energy-rich phosphate bonds, and carbon dioxide. 
Barron (1936), Peters (1940) and Barron & Singer 
(1943, 1945) have brought forward evidence that this 
enzyme requires an intact —SH group to be present 
for activity. Pyruvic oxidase from gonococci is 
inactivated by exposure to gaseous oxygen (Barron, 
1936), even at ice-box temperature. Animal pyruvic 
oxidase also requires magnesium or manganese 
(Ochoa, 1939; apparently cobalt was not tested). 

These properties fit admirably those expected in 
the enzyme whose inactivation would account for 
oxygen poisoning, very strong support being pro- 
vided by the inactivation observed with gaseous 
oxygen by Barron. This is reinforced by the fact 
that the same three metals that activate bacterial 
pyruvic oxidase (magnesium, manganese and cobalt) 
also protect brain-tissue respiration against oxygen 
(p. 162), other metals tested being far less effective. 
In view of the known —SH character of this enzyme 
and the known ability of these metals to form 
co-ordination compounds, there can be little doubt 
that the protective action of the metals against the 
toxic effects of oxygen is in some way associated 
with the preservation of essential —SH groups 
within the enzyme by these metals during the 
exposure of pyruvic oxidase to oxygen. If this is 
correct—and it should not be difficult to prove by 
direct experiment using bacterial pyruvic oxidase— 
the —SH group of pyruvic oxidase is almost cer- 
tainly the seat of oxygen poisoning; although it 
would still remain to be shown that, in addition 
to pyruvic oxidase, other enzymes sensitive to 
oxygen and concerned in carbohydrate metabolism 
are not also inactivated: some of these other 
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enzymes are considered in the following paper 
(Dickens, 1946). 

Some of the resemblances and differences between 
oxygen poisoning and narcosis now become capable 
of explanation. Pyruvic oxidase is strongly in- 
hibited by chloretone (Michaelis & Quastel, 1941), 
and these authors assume that probably the flavo- 
protein component is that attacked by the narcotic. 
It is assumed that this action would be reversible, 
since narcosis is in general a reversible effect. In 
the hypothesis of oxygen poisoning just advanced, 
an entirely different group of the same enzyme 
complex, the —SH component, is considered to be 
that poisoned by oxygen, and in brain tissue this 
effect is irreversible, as would be expected, on 
removal of the high oxygen pressure. That it has 
not yet been possible to reverse it by reducing 
compounds such as cysteine and glutathione is not 
surprising in view of the great difficulty often en- 
countered in reactivations of this kind (cf. Barron 
& Singer, 1945). The stable succinic dehydrogenase 
is reactivated, apparently rather slowly, by reduced 
glutathione (Hopkins & Morgan, 1938); but in cases 
where oxygen is the inactivating agent there may 
be a further complication due to formation of 
sulphoxides, etc. It seems not impossible that 
reactivation of an oxygen-inactivated enzyme in 
this way might occur more readily in vivo, where 
there are reserves of glutathione actually within 
the cell, and the whole architecture is designed to 
protect as far as possible the integrity of the com- 
ponents. Some such explanation might account for 
the reversibility of the signs of oxygen poisoning 
in vivo. The sensitivity to oxygen increases with the 
degree of disruption of the tissue, as has been shown 
(p. 155), and even in the tissue slice the conditions 
are far from physiological. It will be shown (Dickens, 
1946) that oxygen poisoning is greatly influenced 
by trace substances, which, like the protective 
metallic ions described in this paper, might easily 
be lost to the tissue in vitro by diffusion into the 
suspension medium. 

The fact that oxygen poisoning and narcosis act 
through the same enzyme complex, pyruvic oxidase, 
though at different centres, would explain the many 
similarities in these two inhibitions of brain meta- 
bolism. In this connexion it is of great interest that 
oxygen poisoning and narcosis are to some extent 
antagonistic in vivo. Thus breathing oxygen at 
pressure diminishes anaesthetic effect (Davidson, 
1926; Bean, 1931), while Marks (1944) has. shown 
that bromides and (cf. Hederer & Andre, 1940) 
barbiturates have a marked protective action in 
mice, preventing the onset of convulsions under 
oxygen pressure. 

Such antagonisms are usually referred to com- 
petitions for the same enzyme, but if the suggestions 
made above are correct, this particular example is 
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unusual in that the two inhibitors—oxygen and the 
narcotic—are presumed to be adsorbed at different 
centres within the enzyme complex. Unfortunately, 
neither of these effects has been demonstrated in 
vitro upon brain metabolism, and we were unable 
to protect the respiration of isolated brain tissue 
by sodium bromide, luminal, chloretone, or ethanol 
(p. 160). Soskin & Taubenhaus (1943) showed that 
succinate, which remains oxidizable in narcotized 
brain tissue and also in oxygen-poisoned tissue, can 
act as an antidote to barbiturate poisoning, pre- 
sumably because its oxidation maintained the energy 
supplies (and perhaps the resynthesis of energy-rich 
phosphate bonds?) in the narcotized tissue: Marks 
(1944), however, was not able to protect mice against 
oxygen poisoning by administration of succinate, and 
succinate is not protective in vitro (p. 157). Nor has 
the original observation been confirmed (Beyer & 
Latven, 1944; Lardy, Hansen & Phillips, 1944). 
There are also curious anomalies in the effect of 
metal ions on oxygen poisoning in vivo as compared 
with that on isolated brain tissue. In-animal tests, 
Marks (1944) found that subcutaneous injection 
into mice of salts of calcium, magnesium and cobalt 
in doses (expressed as free metal) of 10, 4 and 
0-15 mg. respectively had a definite protective action 
against oxygen convulsions. This result agrees with 
the powerful effect of cobalt and the weaker effect 
of magnesium in protecting brain respiration in 
vitro; calcium was also sometimes slightly protec- 
tive. But Marks also found that manganese salts— 
which are similarly active to cobalt in protecting 
brain respiration, and also, unlike cobalt, protect 
the succinoxidase system—did not protect mice 
against oxygen convulsions. The action of zinc salts 
is even more remarkable, for in the concentrations 
tested it did not protect brain respiring in vitro 
under high oxygen pressures, while Marks (1944) 
found that it significantly protected mice against 
oxygen convulsions in doses of 0-2 and 1-0 mg.* 


* Our experiments suggest that it may be possible to 
use therapeutic effects of this kind as indicators of the 
enzymes concerned, and it would be highly desirable to 
see if other types of convulsion are affected by such metals. 
For example, epileptics are stated to have benefited from 
administration of magnesium ‘salts (among many other 
substances), but cobalt and manganese do not appear to 
have received attention (for lit. see Penfield & Erickson, 
1941). Zine oxide has been used for this purpose (a8 
Dr C. B. B. Downman pointed out to me), but is ‘probably 
useless’ (Sollman, 1942). Even though therapeutically 
disappointing, such experiments might perhaps indicate 
deficiencies of certain metallo- or —SH enzymes of the 
nervous system, or in toxic convulsions their poisoning. 

Conversely, a study of enzyme deficiencies in diseases 
of cattle and sheep due to dietary deficiencies of cobalt 
and manganese might be of value, particularly if oxygen 
susceptibility could be made use of as a ‘stress factor’ (cf. 
footnote, p. 167). 
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In spite of these anomalies, the balance of evi- 
dence is that oxygen poisoning is connected with 
the inactivation of an —SH enzyme or enzymes, 
that the most likely single enzyme whose poisoning 
would account for most of the metabolic effects is 
a component of the pyruvic oxidase system, and 
that the enzyme which is inactivated by oxygen 
probably needs for its activity in addition to the 
—SH group one of the metals cobalt, manganese 
or magnesium. The possibility that other enzymes 
are simultaneously inactivated cannot be excluded, 
but as far as the metabolic changes are concerned 
it does not seem necessary that their poisoning 
need be assumed, except as a secondary conse- 
quence. It must be admitted that the discrepancy 
between Marks’s (1944) observations on protection 
by metals in vivo and the present findings in vitro 
have not yet been satisfactorily accounted for, and 
unless it be assumed that certain of these metals 
behave differently in the living animal and in 
isolated tissue their explanation would seem to 
involve the inactivation of another enzyme system 
also. The complex nature of pyruvate oxidation in 
animal tissues may be found to account for some 
of the difficulties, and as the component reactions 
of this system are now rapidly being elucidated, 
it should be possible in the near future to investigate 
their individual susceptibilities to oxygen, their 
protection and activation by metals, and their in- 
hibition by narcotics. In this way a clearer under- 
standing of the mechanism and reversal of both 
oxygen poisoning and narcosis may reasonably be 
anticipated. 

SUMMARY 

1. A description is given of the methods evolved 
for the measurement of tissue metabolism and of 
enzyme activity during and after exposure to high 
oxygen pressures (i.e. above 1 atm.; abbreviated 
H.O.P.). 

2. The respiration of brain tissue is slowly and 
irreversibly poisoned by exposure of the isolated 
tissue to H.o.P. Even at 1 atm. very slow poisoning 
by oxygen occurs, and above this pressure the rate 
of poisoning steadily increases. The time ¢ of ex- 
posure necessary to produce a given percentage 
poisoning is approximately inversely proportional 
to the oxygen pressure P for the range P= 1-5 atm. 
Values are given illustrating the relationship. 

3. The course of the oxygen poisoning of brain- 
tissue respiration proceeds according to a sigmoid 
curve when the time of exposure is plotted as a 
linear ordinate, and has the form of a probability 
curve. The interpretation of this time-action curve 
is fully discussed. 

4. No evidence was obtained clearly showing 
that nitrogen of the air exerts a protective action 
as distinct from a diluent effect, at the pressures 
used. 
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5. No restoration of brain metabolism was ob- 
served when the oxygen-poisoned tissue was re- 
turned to normal pressure, nor could it be effected 
by any of the methods tried. 

6. From all the data it is concluded that if the 
oxygen poisoning of brain respiration is, in fact, 
responsible for the convulsions produced by H.0.P., 
the clinical effects must occur when only a small 
percentage of brain respiration has been poisoned 
by oxygen. The analogy with some narcotics in 
this respect is emphasized. 

7. The order of sensitivity to oxygen of the 
respiration of various rat tissues is as follows: 


Brain cortex (finely divided) > Brain cortex (slices) > 
Spinal cord > Liver > Testis > Kidney > Lung > 
Muscle. 


8. In addition to poisoning the oxidation of 
glucose, oxygen also poisons the ability of brain 
tissue to oxidize fructose, lactate and pyruvate. 
When the tissue is in the form of slices, and par- 
ticularly if glucose is present during exposure to 
H.O.P., the ability to oxidize succinate is much less 
poisoned than that observed for the above sub- 
strates. 

9. Under the influence of H.o.P. the ability of 
brain tissue to form lactic acid falls off at about 
the same rate as the ability to oxidize glucose, and 
the effect is likewise irreversible. 

10. Brain respiration is poisoned by traces of 
hydrogen peroxide added to the tissue. Succinate 
oxidation is perhaps even more sensitive to hydrogen 
peroxide. The oxygen susceptibility of various 
tissues has no relationship to the amounts of 
catalase which they contain, whereas poisoning by 
hydrogen peroxide is much less in a catalase-rich 
tissue (liver) than in brain, which is very weak in 
catalase. No accumulation of hydrogen peroxide 
in brain tissue after its exposure to H.O.P. could be 
demonstrated by a sensitive test. It is concluded 
that evidence that H.0.P. poisoning of brain is due 
to accumulation of hydrogen peroxide is lacking. 

11. Addition of the following had no great effect 
on the course of oxygen poisoning of brain: 
(a) vitamins B,, B,, B, and C, pantothenic acid, 
nicotinamide, nicotinic acid, adenylic acid (of 
muscle or yeast), adenine, adenosine, cozymase, 
flavoprotein; (b) fructose, pyruvate, «-ketogluta- 
rate; (c) sodium bromide, luminal, chloretone, 
ethanol ; (d) glutathione and other —SH compounds, 
ammonium chloride. 

12. Glutamic acid or glutamine (0-001M) in- 
creased the rate of fall of respiration of brain tissue 
under H.0O.P. 

13. Feeding rats on diets rich or poor in B 
vitamins had no significant effect. 

14, The respiration of slices of brain cortex is 
protected against the toxic effect of H.o.P. by the 
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presence of salts of certain divalent metals. These 
metals, in the order of their efficiency, were: 
Mn>Co>Mg>Ca. The activities of manganese and 
cobalt were similarly high; calcium was much 
weaker than the other three. In addition, iron, 
nickel and occasionally copper were very slightly 
protective: zine did not protect. The concentration 
of magnesium in normal serum is protective but 
higher concentrations are more so; with this metal 
protection is incomplete. Cobalt and manganese 
were highly active in 5 x 10-5m-solution and slightly 
higher concentrations often gave almost complete 
protection. Cobalt protected the oxidation of 
glucose, lactate and pyruvate by brain tissue; man- 
ganese protected succinate oxidation in homogenized 
brain. These metals are unable to restore an already 
poisoned respiration. 

15. The general significance of these results is 
discussed. It is suggested that oxygen may poison 
primarily the pyruvate oxidase system, probably 
attacking the essential —SH group of the enzyme, 
the latter being assumed to be both activated and 
also protected against oxygen by the three metals 
magnesium, manganese and cobalt. Inhibition of 
pyruvic oxidase might be expected to interfere with 
the oxidation of glucose, fructose and lactate, and, 


Barron, E. 8. G. (1936). J. biol. Chem. 113, 695. 

Barron, E. 8. G. & Singer, T. P. (1943). Science, 97, 356. 

Barron, E. 8. G. & Singer, T. P. (1945). J. biol. Chem. 157, 
221. 

Bean, J. W. (1931). J. Physiol. 72, 27. 

Bean, J. W. & Bohr, D. F. (1938). Amer. J. Physiol. 124, 
576. 

Bean, J. W. & Bohr, D. F. (1940). Amer. J. Physiol. 130, 
445. 

Behnke, A. R., Johnson, F.S., Popper, J. R. & Motley, E. P. 
(1935). Amer. J. Physiol. 110, 565. 

Bert, P. (1878). La Pression Barométrique. Paris: Libraire 
de i’ Acad. de Méd. 

Beyer, K. H. & Latven, A. R. (1944). J. Pharmacol. 81, 203. 

Bliss, C. I. (1935). Ann. appl. Biol. 22, 134 (p. 138). 

Boycott, A. E., Damant, G. C. C. & Haldane, J. 8. (1908). 
J. Hyg., Camb., 8, 342 (p. 377). 

Brown, G. L., Downman, C. B. B., MacIntosh, F. C. & 
Williams, D. (1944). Report to the Royal Naval Personnel 
Committee, Med. Res. Coun. no. 94. 

Clark, A. J. (1933). The Mode of Action of Drugs on Cells. 
London: Arnold and Co. 

Davidson, B. M. (1926). J. Pharmacol. 26, 111. 

Dickens, F. (1946). Biochem. J. 40, 171. 

Dickens, F. & Greville, G. D. (1933). Biochem. J. 27, 1134. 

Dickens, F. & Greville, G. D. (1935). Biochem. J. 29, 1468. 

Dickens, F. & Simer, F. (1930). Biochem. J. 24, 905. 

Donald, K. W. (1943). Report of the Admiralty Experimental 
Diving Unit, no. 9. 

Elliott, K. A. C. & Libet, B. (1942). J. biol. Chem. 143, 227. 

Fahr, — (1941). Klin. Wechr. 20, 763. 


F. DICKENS 


REFERENCES 








1946 


by causing a block in the regeneration of adenosine 
triphosphate, to inhibit the ability of oxygen- 
poisoned tissue to form lactic acid from glucose, 
It is not, however, excluded that other oxygen-sen- 
sitive enzymes may not be also poisoned. 

Attention is drawn to the parallelism between the 
action of narcotics and of oxygen on cell metabolism, 
and also to some points of difference. Both interfere 
with pyruvate oxidation, but there is some reason 
to believe that they act upon different links in the 
enzyme complex. 
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The evidence in Part 1 (Dickens, 1946) enables the 
following working hypothesis of the mode of action 
of oxygen on brain metabolism to be advanced 
with some confidence. 


(1) Exposure to unphysiologically high tensions of oxygen 
causes irreversible damage to brain respiration and gly- 
colysis. 

(2) This damage is susiained by the enzymes themselves 
rather than by their coenzymes, as shown by the lack of 
general protection in presence of excess of the more im- 
portant coenzymes, 

(3) The following conditions tend to protect against 
oxygen poisoning: Presence of (a) glucose or (as shown in 
this paper) manganese ions, which protect succinoxidase 
in finely divided brain tissue; (6) ions of manganese, cobalt, 
or magnesium (and probably calcium), which protect the 
whole oxidative system in brain slices, with decreasing 
activity in the order of the above series. 

(4) The brain enzymes poisoned by oxygen are mainly 
those concerned in carbohydrate metabolism. Oxidation 
of glucose, fructose, lactate and pyruvate is inhibited, while 
the succinoxidase system, at least in intact tissue (slices) 
is much more resistant. There is support for the view that 
the inactivation of an —SH component of the pyruvate 
oxidase system may be a primary stage in oxygen poisoning, 
the resulting interference with resynthesis of adenosine 
triphosphate could then lead to general breakdown of 
aerobic and anaerobic carbohydrate metabolism. 

(5) It is, however, not excluded that, in addition to the 
pyruvate oxidase, another and earlier stage of carbohydrate 
metabolism might be inhibited, thus poisoning directly the 
oxidation of glucose and fructose. 


It is hoped later to study the effect of oxygen on 
components of the pyruvic oxidase system. In the 


present paper, some general evidence is collected 
on the mode of inactivation by oxygen of some other 
enzymes, particularly those which, like pyruvate 
oxidase, may play a part in brain metabolism. These 
experiments are of a preliminary and exploratory 
character, and serve mainly to define some con- 
ditions under which this type of inhibition may be 
expected to occur, and to investigate some examples 
of protection against oxygen poisoning in enzyme 
systems. 


The general nature of the inactivation 
of enzymes by oxygen 


A list has been compiled of enzymes known to be 
sensitive to oxygen, or capable of inactivation by 
comparatively mild oxidants, and therefore open to 
the suspicion of being oxygen-sensitive under the 
right conditions (Table 1). These observations were 
widely scattered, and probably others could be 
added: the only review found to bear on this subject, 
apart from the excellent one by Stadie, Riggs & 
Haugaard (1944) which appeared after this work 
was completed, is that of Hellerman (1937), which 
is limited to hydrolytic enzymes. As this author 
rightly remarks: ‘In most enzyme studies, the effect 
of an ever present reagent, the oxygen of the air, 
has been generally neglected.’ 

There is another reason why such a list is in- 
evitably incomplete, and that is the enormous effect 
on oxygen susceptibility of traces of contaminants, 
especially —SH compounds and metallic ions, but 
also other substances less well defined. The following 
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typical experiences are quoted as excellent examples 
of the extraordinary complexity of the oxygen 


poisoning of enzyme systems: 


(a) Urease. 


Perlzweig (1932) showed that aeration of 


crystalline urease weakened its action, and believed this 


Table 1. Enzymes sensitive to oxygen 
or to mild oxidants 


Enzyme 


nature* Enzyme class 


Authority 


A. Inactivation by exposure to gaseous oxygen (or air) 
(a) Proteolytic 


Bailey, Belfer, Eder & 
Bradley (1942) 


Hellerman (1937) 


Irving, Fruton & Berg- 
mann (1942) 


Edlbacher, Kraus & 
Leuthardt (1933), 
Hellerman (1937) 


Perlzweig (1932), Sum- 
ner & Poland (1933) 


Stephenson & Stickland 


(1931), Hobermann & 
Rittenberg (1943) 
Warburg (1926), Stern 
& Melnick (1941) 
Marks, G. W. (1936) 
(prolonged experi- 
ments) 


Dickens (this paper) 


Barron (1936), Mann 
& Quastel (1946), 
Dickens (1946) 

Lehmann, J. (1935), 

Liebricht & Massart 

(1937), Bohr & Bean 

(1940-1), Stadie (1943), 

Dickens (this paper) 

Dickens (this paper) 

Dixon (1925), Dixon & 
Kodama (1926) 

Stadie (1943) 

Haas, Horecker & Hog- 
ness (1940): (possibly) 

Shapiro & Wertheimer 
(1943) 

Dickens (this paper) 


Gale (1939) 


Gill & Lehmann (1939), 
Dickens (this paper) 


—SH Cathepsin: tissue 
autolysis 
—SH Papain 
—SH Proteases, Peptidase 
(b) Hydrolytic (‘deamidizing’) 
M Arginase 
—SH Urease 
(c) Fe-porphyrins 
M Hydrogenase 
M ‘Pasteur enzyme’ 
M Catalase 
M Cytochrome oxidase 
(d) Oxidases, ete. 
—SH Pyruvic oxidase 
—SH ‘Succinoxidase 
—SH Choline oxidase 
F Xanthine oxidase 
F d-Amino-acid oxidase 
Cytochrome-c reduc- 
tase 
? Fatty acid dehydro- 
genase 
—SH Triosephosphate de- 
hydrogenase 
? Formic acid dehydro- 
genase 
(e) Phosphorases 
—SH Phosphoglucomutase 
—SH(?) Neuberg ester phos- 


phorase (phospho- 
glucokinase) 


Engelhardt & Sakov 
(1943) 
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Table 1 (cont.) 
Enzyme 
nature* Authority 
B. Inactivation by exposure to oxygen under special cir- 
cumstances, or by mild oxidants: preservation by —SH 
compounds, (Less satisfactory evidence than the pre- 


Enzyme class 





ceding.) 
—SH(?) Myokinase Kalckar (1943) 
—SH Transaminase Cohen, Hekhius & 
Sober (1942) 
—SH Triosephosphate Rapkine (1938), Rap- 
dehydrogenase kine & Trpinac (1939) 
M Zymohexase (of Warburg & Christian 
yeast)f (1942) 
SH(?) Cerebrosidase Hellerman (1937, 
p. 466) . 


* Enzyme nature. —SH indicates evidence that an 
intact sulphydryl group is considered necessary for activity. 
M indicates that the enzyme either contains a metal as 
part of its prosthetic group, or requires metallic ions for 
its activity. F indicates that the enzyme contains a flavo- 
protein. (The first and second of these classes are often 
combined, both an —SH group and an activating metal 
being necessary. The classification of some of these enzymes 
cannot be considered as final.) 

+ Zymohexase of animal tissues shows only inhibition 
by metallic ions, and is stable to oxidants (Herbert, Gordon, 
Subrahmanyan & Green, 1940). 


to be due to removal of a sulphydryl component by oxida- 
tion. The still more highly purified enzyme is, however, 
practically insensitive to the action of air, but is rendered 
sensitive again on the addition of minute amounts of copper 
salts (Hellerman, Perkins & Clark, 1933). 

(b) Arginase behaves very similarly: cruder preparations 
are readily inactivated by oxygen, while purified ones are 
much less sensitive, or completely insensitive (Edlbacher, 
Kraus & Leuthardt, 1933; Klein & Zeise, 1933, 1935). 
Arginase preparations are activated by metallic ions (Mn, 
Fe, Co, Ni, Zn, Cd, and possibly others—cf. Richards 
& Hellerman, 1940). Hellerman (1937) believes that the 
action of these metals is to form co-ordination compounds 
linking the enzyme molecule with that of the substrate. 

(c) Phosphoglucomutase. This enzyme, which is necessary 
for breakdown and synthesis of glycogen, is of peculiar 
interest, since the present work has shown that at different 
stages of purification it can exhibit a wide variation of 
sensitivity to air. 

Gill & Lehmann (1939) showed that there was a very 
slight increase in the amount of Robison-ester formed from 
glycogen by muscle extract when the experiment was made 
in absence of air. 

Like many other oxygen-sensitive enzymes, phospho- 
glucomutase is highly susceptible to the influence of traces 
of metals; cobalt, magnesium and manganese strongly 
accelerate, nickel feebly so, and zinc retards the activity 
of the enzyme. Concentrated solutions of reduced gluta- 
thione and oxidized glutathione respectively, accelerate, 
and retard its activity (Cori, Colowick & Cori, 1938; Gill 
& Lehmann, 1939; Lehmann, 1939; and present work). 
Although these properties suggest a direct connexion be- 
tween oxido-reduction potential and activity, the relation- 
ship is, in fact, involved, e.g. substances such as insulin 
or caffeine are also inhibitory. The best way of circumventing 
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the experimental difficulties has in practice proved to be: 
(a) preparation where possible of the enzyme in a state 
such that it is sensitive to oxygen; (b) study of conditions 
protecting enzymes of this kind against inhibition by 
oxygen. Experiments devised with this end in view are 
described below. 


Table 1 shows that many different classes of 
enzyme are sensitive to oxygen. Although the 
presence of —SH groups, and/or metal activators 
is needed for the activity of many of these, some 
of the flavoprotein enzyme systems, which do not 
require metals, are also sensitive. There is also 
evidence that oxidative inactivation of enzymes 
may sometimes be due to the sensitivity of quite 
different groups; for example, pepsin inactivation 
by iodine may be due to iodination of tyrosine 
groups contained in the molecule of the enzyme, 
and oxidation of the phenolic group of tyrosine 
may account for the inactivation of alkaline phos- 
phatase by moderately strong oxidants (Sizer, 1942). 
In general, however, the sensitivity of those enzymes 
which are weakened or inactivated by atmospheric 
oxygen seems to be related to either: (a) destruction 
of —SH groups by oxidation; (b) loss of catalytic 
function of essential metals, presumably by their 
conversion to higher valency forms; or (c) oxidative 
destruction of flavoproteins. Examples of each type 
of inactivation are listed in Table 1. 





EXPERIMENTAL 
(1) OXIDATIVE ENZYMES 
A. Succinie vxiduse system 


This system has been more fully studied hitherto 
in connexion with oxygen poisoning than any other 
(for references, see Table 1), and is known to be 
oxygen-sensitive. This has been confirmed, and the 
sensitivity of the components of the system oxi- 
dizing succinate has been determined. These are 
(a) cytochrome oxidase, (b) cytochrome e¢, (c) suc- 
cinic dehydrogenase, and (d) a further component, 
which may be a flavoprotein (Axelrod, Potter & 
Elvehjem, 1942). The dehydrogenase itself is the 
most sensitive of the components a, b and ¢ (com- 
ponent d cannot at present be studied separately) ; 
with longer exposure to H.O.P. the cytochrome 
oxidase may also be slightly weakened (Table 2). 
The sensitivity to oxygen of succinoxidase con- 
tained in homogenized tissue has already been shown 
(Dickens, 1946) to be greater than that of the 
enzyme system when present in tissue slices. There 
are also wide variations in sensitivity from one 
enzyme extract to another (cf. Tables 2, 4). Bohr 
& Bean (1940-1), who made a similar observation, 
consider that this may be related to the suscepti- 
bility of the individual animals to oxygen, which 
is known to vary widely. In view of the dependence 
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of sensitivity of these enzymes on their physical 
state, as well as on the presence or absence of 
sensitizers or protective substances as already de- 
scribed, it seems doubtful if this conclusion is 
justified on the available evidence. The data on 
oxygen inactivation of this enzyme are contained 
in Table 2. 


Protection of succinoxidase against poisoning by 
oxygen 


(a) By malonate. Malonic acid is a powerful 
competitive inhibitor for succinie dehydrogenase. 
If, during exposure of the enzyme to oxygen, 
malonate is present in concentration sufficient to 
‘block’ the active groups of the dehydrogenase 
(c. 0-001mM), and after exposure to oxygen the 
malonate is removed by washing, it is found that 
the enzymic activity has been completely protected 
(Table 3). The presence of malonate during the 
incubation also protects the enzyme against auto- 


lytic processes occurring in nitrogen, but these are 


less destructive of enzyme activity than the oxi- 
dative inactivation (Table 3); in some experiments 
there was little or no inactivation during incubation 
in nitrogen. Numerous other experiments, some 
under H.0.P.,* also showed similar protection of 
succinoxidase by malonate against oxygen poison- 
ing. This result is interpreted (see Discussion) to 
mean that the sulphydryl groups of the dehydro- 
genase are involved in inactivation by oxygen. 
The succinic dehydrogenase system may require 
manganese for its activity (Massart, 1939), and if 
this is accepted as correct, the loss of manganese due 
to oxygen might be pictured as occurring similarly 
to that of manganese from arginase (Hellerman, 
1937). The protection of succinoxidase activity 
against H.O.P. by manganese, described below, seems 
to be the first clear evidence of a possible function 
of this metal in the succinic acid system. 

(b) By manganese ions. In view of the effects of 
metallic ions on the sensitivity of tissue respiration 
to oxygen (see Part 1), similar experiments were 
made with the succinoxidase system (Table 4). 
Whereas manganese ions (0-00025m concentration) 
gave almost complete protection of succinoxidase 
against oxygen, cobalt in the same concentration, 
or magnesium even in sixteen times higher con- 
centration, did not. In fact, even at this very low 
concentration, cobalt proved to be quite toxic, both 
in oxygen and nitrogen. This illustrates further the 
great dependence of the effect of these metals on 
the exact circumstances of the test, for cobalt ions 
protect the whole oxidation system in brain slices, 
as well as the oxidation of pyruvate (Dickens, 1946), 
but these ions are unable to protect the succinic 
system in homogenized brain tissue. On the other 
hand, manganese ions protect both the total oxida- 


* High oxygen pressure (see Dickens, 1946). 
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Table 2. Inactivation of succinic oxidase system by oxygen 


(a) Preparation from pig-heart muscle by mechanical grinding of the washed tissue with sand, precipitation at pH 4-6 
(cf. Straub, 1939), and resuspension in phosphate buffer at pH 7-4. 0-2 ml. enzyme/vessel; m/6 succinate; total vol. 
3-0 ml. The enzyme was added from the side-bulb immediately after the first reading. Gas: air. Temp. 38°. 






Oxygen uptake (l.) in 10 min. after the following 
exposure of enzyme 












c ay 
Nitrogen Oxygen Oxygen at 4-4 atm. 
mo—————___ atlatm ———_* 

None 24 hr. 3 hr. 3 hr. 2 hr. 3 hr. 





Contents of vessel during test: 









Enzyme alone (no succinate) 0-5 = os - — _ 

Enzyme + succinate (A) 102 100 78 51 41-5 30 

Enzyme + succinate + meth. blue 106 93 85 66 _ 49 

Enzyme +succinate + meth. blue (0-03 % 53 51-5 a 41-5 — . 29 
+HCN 0-002M (B) 

Enzyme +succinate + HCN (no meth. blue) 2 — — — — — 

Enzyme + p-phenylene diamine (C) 63-5 63 = 57 -- 42%5 






As % of initial activities (mean results) after 
pre-treatment 
































a — — 
1 atm. 4-4 atm. oxygen 
Nitrogen oxygen OOF 
(3 hr.) (3 hr.) (2 hr.) (3 hr.) 
Total system (A, above) 90 50 41 30 
Succinic dehydrogenase (B) 97 78 = 55 
Cytochrome oxidase (C) 99 90 — 67 1 
| 
(b) From horse heart (a more resistant preparation than the above). 0-1 ml. enzyme/vessel, Activity with succinate t 
measured in air. Temp. 38°. pH 7-4. 4 
Oxygen uptake (l.) in 10 min. after following exposure of the enzyme i 
- =a ~ I 
Oxygen (1 atm.) Oxygen (4-4 atm.) 
Nitrogen c A— - ; Aca ae i 
Control (2 hr.) (1 hr.) (2 hr.) (1 hr.) (2 hr.) I 
129 124 124 117 112 116 
% of initial activity remaining: 
(100) 96 96 91 87 90 






( 





(c) Homogenized rat-brain tissue (cortex). 40 mg. of moist tissue/vessel. Cytochrome c (0-1 ml.) added to give 2-2 x 10 
solution. 






Oxygen uptake (yl.) in 10 min. after the following 
exposure of the homogenate 

















= ane ; =n" 
Oxygen ' 
Nitrogen Air (1 atm.) (4:4 atm.) 
None (2 hr.) (2 hr.) (2 hr.) 
56 46 35 30 
Without added cytochrome: 
21 — — 8 
Nitroprusside test (for —SH groups) in above after incubation: 
+++ +++ of = 









tion system of brain slices and also the oxidation of 
succinate by homogenized brain. Much further 
work would be needed to arrive at an explanation; 
at present one can only draw attention to the fact The succinoxidase preparations used in these 
that traces of metals have this profound influence experiments oxidized succinate only as far as 
on oxygen poisoning, and that under favourable fumarate and malate; the further stage of oxidation 
conditions they may give complete protection of of malate to oxaloacetate does not occur with them 
an otherwise susceptible enzyme. to any considerable extent, the accumulation of 


The role of oxaloacetic acid in oxygen poisoning of 
succinoxidase 









= 
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Table 3. Protection of succinic dehydrogenase against 
the towic effect of oxygen by malonic acid 


Method. Rat-brain cortex, homogenized in M/30 phos- 
phate, pH 7-4. 

Centrifuged, supernatant fluid discarded, precipitate 
re-suspended in M/30 phosphate buffer. 

0:5 ml. of this suspension (equiv. to 100 mg. moist tissue) 
was incubated with the addition of either 0-05 ml. phosphate 
buffer, or 0-05 ml. 0-1M-sodium malonate, for 2 hr. at 38° 
in either nitrogen or oxygen at | atm. 

After this incubation, the contents of the vessels were 
rinsed into centrifuge tubes with 4-5 ml. of m/30 phosphate, 
centrifuged, supernatant discarded and the precipitate 
rinsed into Warburg vessels with 2 ml. m/30 phosphate, 
0-2ml. cytochrome c, and (in the side-bulbs) 0-1 ml. 
M-sodium succinate. Rates of succinate oxidation were 
measured at 1 atm. oxygen. 


Oxygen uptake of succinic oxidase 
system (ul. O,/30 min.) 
———S SSS 
2 hr. oxygen 2 hr. nitrogen 
eet 





en ~ =» 
Period No With No With 
(min.) malonate malonate malonate malonate 
0-30 15-5 102 49 97 
30-60 15 98-5 49 93 


minute traces of oxaloacetate being strongly in- 
hibitory to succinic dehydrogenase. The accumula- 
tion of oxaloacetate requires an active malic 
dehydrogenase for which the presence of cozymase 
is necessary. Cozymase is rapidly broken down in 
homogenized brain tissue, and, in the case of the 
muscle preparations used in the above experiments, 
most of the cozymase had been removed by washing 
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with acid. Swingle, Axelrod & Elvehjem (1942) 
have shown that calcium ions greatly accelerate 
the oxidation of succinate, their action being due 
to the fact that these ions promote the breakdown 
of cozymase, thus preventing the formation of 
oxaloacetate. They found that the inhibition of 
the enzyme by 0-2 uM-oxaloacetate was removed 
to a large extent by the presence of glutamate. This 
was due to the removal of the oxaloacetate by its 
interaction with glutamate, a reaction catalysed by 
the enzyme transaminase. 

The possibility therefore arose that the oxygen 
poisoning of succinic dehydrogenase might be 
caused by excessive formation or accumulation of 
oxaloacetic acid. Decisive evidence on this point 
has not been obtained; although some results may 
be considered to support it, there is also evidence 
that other, irreversible, changes in the enzyme 
occur during exposure to oxygen, especially when 
the oxygen pressure is high or the exposure pro- 
longed. 


The influence of glutamate on the poisoning of suc- 
cinoxidase by oxygen 


If oxaloacetate inhibition of succinoxidase pre- 
parations were responsible for the poisoning of the 
dehydrogenase which occurs in oxygen, this poison- 
ing would be expected to be reversed by glutamate. 
This, however, is only true as long as the trans- 
aminase present is not also poisoned by oxygen, 
for this enzyme is needed for the removal of 
oxaloacetate by glutamate. There is some reason 
to suspect that transaminase is, in fact, susceptible 


Table 4. Action of metallic ions on the oxygen sensitivity of brain succinowidase 


Method. Rat-brain cortex, homogenized in M/30 phosphate buffer, pH 7-4. Each Warburg vessel contained 40 mg. 
of moist tissue in a total volume of 2 ml. M/30 phosphate, together with 0-1 ml. cytochrome c and 0-05 ml. of the solution 


of metallic salt to be tested. 


The vessels were shaken at 38°, while filled with either nitrogen or oxygen at 1 atm. 

After this incubation period, those vessels which had contained nitrogen were now filled with oxygen, and 0-1 ml. of 
M-sodium succinate was added from the side-bulbs. Readings of oxygen uptake were then taken as usual. 

Exp. i. Oxygen uptake (1./20 min.) after exposure to the following gases for 2 hr. at 38°. 


Nitrogen 








Oxygen 
( as - : - . Y c on ee Ron i — 7 hint 
Metal present Na only Mn Mg Co Na only Mn Mg Co 
Concentration of metal _— 2-5 x 10-4 4x 10-3 2-5 x 10-4 — 2-5 x 10-¢ 4x10-3 2-5 x 10-4 
(molarity) 
pl. O,/20 min. 57 89 59 3-5 84-5 85 88 15-5 
Activi 
ctivity after O,_ 67 % 105 %, 67 %, (23 %) 


Activity after N,” 


Exp. ii. Protection by MnSO, (2:5 x 10-4M) of a more resistant brain homogenate. Exposure times, 2 and 4 hr. at 1 atm. 





Gas ea aise aka Oxygen Nitrogen 
os Ss ne — fs) 4 A ia ao 
Metal No Mn +Mn No Mn +Mn 
fo. = me eh [e 7: ham es ceo c come — 
Exposure (hr.) 2 4 2 + 2 4 2 4 
Activity (ul. O,/30 min.) 52 39 72 68-5 65 55-5 78 73 
As % of corres. control exp. 80 70 92 94 — _ — — 
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to poisoning by oxygen (see Table 1). This probably 
accounts, in part, for the fact that, in certain 
experiments, some protective effect of glutamate 
was evident (Table 5, Exp. i), whereas in others it 
was not. 


Table 5. Influence of glutamate on the poisoning 
of succinoxidase by oxygen 


Exp. i. Protection by glutamate 


Methods. Horse-heart succinoxidase preparation: 0-2 ml./ 
vessel (in side-bulb). Main part of vessels contained 0-3 ml. 
0-2m-succinate, glutamate (0-1 ml. 0-2M) if so stated below, 
and phosphate buffer, pH 7-4, to total of 2 ml. Oxaloacetic 
acid (as sodium salt) was added in some vessels to illustrate 
the poisoning of this particular enzyme by this substance, 
and the reversal by glutamate. 

In some experiments the enzyme preparation, with or 
without the addition of glutamate (M/30) was exposed to 
H.0.P. (4-4 atm. oxygen, 3 hr.), and the activity then tested 
as above. (OAA = Oxaloacetate.) Oxygen uptake 

(ul./60 min.) 
of controls 
not exposed 
to H.0.P. 
With succinate only 237 
Succinate + oxaloacetate, 8 

2x 10-*m 
Succinate + glutamate (0-01 Mm) 412 
in addition to OAA 
Succinate + oxaloacetate, 185 
2x10-"m 
Oxygen uptake 
(ul./60 min.) 
after 3 hr. 
exposure to Inactiva- 
Exposed to O,: 4-4 atm. O, tion 
Without glutamate 93 61% 
With glutamate 382 7% 
(during exposure and 
during measurement) 


Exp. ii. Lack of protection. The same enzyme preparation 
after long keeping in the refrigerator was no longer pro- 
tected by glutamate against oxygen poisoning. Several 
other negative results were obtained with other preparations. 


Reversibility of oxaloacetate poisoning, and non- 
reversibility of oxygen poisoning, of succinoxidase 

Whereas the poisoning of succinic dehydrogenase 
activity by oxaloacetate was readily reversed on 
removal of the oxaloacetate by washing (ef. 
poisoning by malonate, Table 3), even after the 
enzyme had been exposed to oxaloacetate for more 
than 1 hr., the poisoning of the same enzyme by 
oxygen was not so reversed (Table 6). Moreover, 
no oxaloacetate was detectable by the sensitive 
aniline-citrate test in a preparation of succinoxidase 
which had been exposed to 1 atm. oxygen for 
2-5 hr. 

Hence, if oxaloacetate formation is concerned in 
the poisoning of succinic dehydrogenase by oxygen, 
it can only partially explain the effect. 


Table 6. Restoration of succinoxidase activity after 
removal of added oxaloacetic acid, but not after 
poisoning by oxygen: failure to show OAA forma- 
tion in oxygen 


Rat-brain cortex homogenate. Centrifuge and re-suspend 
in m/30 phosphate, pH 7-4. Activity test: 0-1 ml. cyto- 
chrome c, 0-1 ml. M-succinate added. 


Exp. i. Lack of reversal of oxygen poisoning on washing 
Exposure of Oxygen Nitrogen 
homogenate (1 atm., 2 hr.) (1 atm., 2 hr.) 
c + ; —_— 
Un- Un- 
After exposure Washed washed Washed washed 





Activity towards) 
succinate; i.)  s9.5 80 61 105 
oxygen uptake, : 
30 min. 
Ratio of activity: 
Washed x 100 reed nitrogen: 58 % 
Unwashed After oxygen: 50% 


Exp. ii. Reversal of oxaloacetate poisoning by washing 
Homogenized brain system. Succinate as substrate. 
Oxygen Oxygen 
uptake uptake 
(ul., (ul./ 
10 min.) 10 min.) 
(A) Without oxalo- 71 the same after 53-5 
acetic acid washing 
Oxaloacetic 13 »” 
M/2500 (82 % in- 
hibition) 
Oxaloacetic 42-5 
m/10,000 (40 % in- 
hibition) 
(B) Without oxalo- 35 
acetic acid 
Incubated at 18 
37-5° with ox- 
aloacetic acid 
mM/2500 for 
1} hr. 


Exp. iii. Lack of evidence of oxaloacetate accumulation 

in measurable amount 

Homogenized rat liver in M/30 phosphate buffer, pH 7-4 
centrifuged and resuspended, shaken in oxygen for 2} hr., 
in Warburg vessel. Temp. 38°. 

After this period, the vessel contents were acidified by 
the addition of 0-5 ml. cone. citric acid solution, and 0-5 mi. 
of the aniline citrate reagent (Edson, 1935) was placed in 
the side-bulb. On tipping the reagent into the main part 
of the vessel, no measurable decarboxylation occurred. 
Hence no f-ketoacid had been accumulating under these 
conditions. This method would not detect with certainty 
less than 4 x 10-°m-oxaloacetate, had this been present. 
The succinic oxidase activity of the same liver homogenate 
was inhibited by 51 % on the addition of 10-4 M-oxaloacetic 
acid. 


Attempts made to reverse the oxygen poisoning 
of succinoxidase preparations by incubation under 
anaerobic conditions, with or without the addition 
of glutathione (cf. Hopkins & Morgan, 1938), were 
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Table 7. Resistance of lactic dehydrogenase to H.0.P. 


(1) In brain slices 


Method. Slices of rat-brain cortex were incubated for 
2 hr. at 38°: (a) in air at 1 atm., (b) in oxygen at 4-4 atm. 
Medium: phosphate-Ringer’s solution containing glucose. 
The slices were rinsed, and the oxygen-uptake rates 
measured in presence of lactate, cozymase, HCN, and 
methylene blue (Method i). Alternatively, the lactate 
dehydrogenase activity after exposure was measured 
anaerobically in presence of ferricyanide, HCN, and cozy- 
mase by the method of Quastel & Wheatley (1938) 
(Method ii). 

Method i. Air-incubated 4-4 atm. oxygen- 


slices incubated 
A ee 


With With 
lactate lactate 
Blank added Blank added 
Oxygen-up- 1-3 2-4 1-1 2-8 
take rate 


(Qo) 


Method ii. 


a 
Without 
cozymase 
— Lac- 
tate 


1-65 


With 
cozymase 
SS ees 
+Lac- —Lac- +Lac- 
tate tate tate 


2-85 1-9 5-4 


With 
lactate 
and cozy- 
mase 
CO, evolution 4-8 

rate (Qco,) 


(2) In purified lactic dehydrogenase solution 


Method. Dialyzed extract of acetone muscle powder 
(cf. Green, Needham & Dewan, 1937). Pig-heart flavo- 
protein of Straub (1939), cozymase prepared according to 
Williamson & Green (1940). Care was taken to use minimal 
amounts of dehydrogenase to sccure maximum oxygen 
uptake; by avoiding any excess of this enzyme it becomes 
the factor limiting the rate of the reaction, hence any 
destruction of the enzyme would be clearly revealed. 

Each vessel contained: 0-5-0-05 ml. enzyme, 0-2 ml. 
u-lactate, 0-8 mg. cozymase, 0-4 ml. M-HCN, 0-3 ml. flavo- 
protein solution, and sufficient 0-05mM-phosphate, pH 7-4, 
to make the total volume 3-0 ml. 0-2 ml. methylene blue 
(0:5 %) was added from the side-bulb at the beginning of 
the readings of oxygen uptake. 


Onice In nitrogen 


38°, 34 hr. 


In oxygen 
4-4 atm. 
38°, 3} hr. 


Pre-treatment of enzyme 


Volume of enzyme solution, 0-5 ml./vessel: 
Rate of oxygen uptake 103 103 
(ul./30 min.) 


Loss of activity in oxygen 


99-5 


33% 
Volume of enzyme solution, 0-05 ml./vessel: 
Rate of oxygen uptake — 214 
(ul./70 min.) 


Loss of activity in oxygen 0% 


(Volume of enzyme 0-01 ml.: oxygen uptake in control 
experiment falls to 81 yl./70 min., showing that excess 
enzyme was not used, particularly in latter of above 
experiments. ) 
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unsuccessful. Unlike malonate, pyrophosphate, 
which also is an inhibitor of succinic dehydrogenase, 
did not, in the one experiment made, protect the 
enzyme against the poisonous effect of high-pressure 
oxygen. 


B. Lactic dehydrogenase 


The oxidation of lactate by tissue preparations 
is inhibited by oxygen (Dickens, 1946), but con- 
sideration of the mechanism of the oxidation 
shows how complicated the interpretation of this 
fact may be. In fact, lactic dehydrogenase itself 
is highly resistant to oxygen, as the following experi- 
ments show. 


The activity of lactic dehydrogenase in slices of rat-brain 
cortex, after 2 hr. exposure to 4-4 atm. of oxygen, was 
compared with that of slices kept in air at 1 atm. There 
was no loss of activity of the dehydrogenase (Table 7). 
Other experiments confirmed this result (Table 7). 


There is, therefore, no evidence to suggest that 
lactic dehydrogenase is at all sensitive to oxygen. 
This agrees with observations reported to us by 
Stadie (1943). The poisoning of lactate oxidation in 
tissues (Dickens, 1946) is probably accounted for 
by injury to other parts of the complex system by 
which lactate and pyruvate are metabolized in 
intact tissues. 


C. Malic dehydrogenase 


This enzyme was tested with the same prepara- 
tion of lactic dehydrogenase from rabbit muscle, 
and under the same conditions, as the lactic 
dehydrogenase described above. The results of 
exposure to 4-4 atm. oxygen for 3-25 hr. showed 
no destruction, as compared with a portion of the 
enzyme incubated in nitrogen, and negligible loss 
of activity in either nitrogen or oxygen as compared 
with a control portion kept at 0° (Table 8). This 
dehydrogenase, like lactic dehydrogenase, is in our 
experience quite stable to oxygen, though according 
to Barron (1943) it is an —SH enzyme. 


Table 8. Malic acid dehydrogenase 


Method: same as for lactic dehydrogenase (Table 7) but 
with sodium /-malate as substrate instead of lactate. Each 
vessel contained 0-5 ml. enzyme, 0-8 mg. cozymase, 0-3 ml. 
heart flavoprotein, 0-2 ml. /-malate (m-solution), 0-4 ml. 
M-HCN, and m/20 phosphate buffer, pH 7-4. Total vol. 3 ml. 

Oxygen uptakes were measured manometrically, im- 
mediately following the addition from the side-bulb of 
0-2 ml. methylene blue (0-5 % solution). 

Onice Innitrogen In oxygen 
38°, 3} br. 4-4 atm. 
38°, 3} hr. 
54:5 53 53 


Pre-treatment of enzyme 


Rate of oxygen uptake 
(ul./30 min.) 














D. Triosephosphate dehydrogenase 


The activity of this enzyme system was followed 
by the rate of the dismutation: 

Triosephosphate + pyruvate—phosphoglyceric acid + lactate 
(ef. Green, Needham & Dewan, 1937; Rapkine, 1938; 
Rapkine & Trpinac, 1939). 

This reaction has the same rate in nitrogen as in oxygen 
(Green et al. 1937 and Corran, Green & Straub, 1939). After 
removal of cozymase by adsorption on charcoal from the 
enzyme, the latter is more sensitive to oxidants (Rapkine, 
1938) and cozymase can probably protect this enzyme against 
oxidation. Rapkine & Trpinac (1939) showed that the in- 
activation of the enzyme by various oxidizing agents could 
be reversed by subsequent contact with reducing agents. 


In studying the effect of oxygen on this enzyme, 
advantage has been taken of the above interesting 
properties. It was found that the triosephosphate 
dehydrogenase is susceptible to oxygen poisoning, 
but only becomes sensitive to this action after the 
cozymase has been removed. Table 9 shows that 
before removal of cozymase, exposure to 4:4 atm. 
of oxygen for 3 hr. caused only 4-9 % poisoning. 
After removal of cozymase by treatment with 
charcoal, a similar exposure to oxygen caused 24 % 
inactivation. 

It is to be noted that the sulphydryl groups of 
this enzyme preparation are rather insensitive to 
oxygen; a weakly positive nitroprusside test, of 
about the same strength, being observed after 
exposure as above to either nitrogen or H.O.P. 
Probably only a small part of this reaction was due 
to the —SH groups of the enzyme itself, the re- 
mainder being due to contaminants. Specially made 
control tests gave no support to the idea that traces 
of metals introduced by the treatment with charcoal 
(which always contains metals) could have brought 
about the sensitization of the enzyme to oxygen. 
All charcoal was removed by centrifugation before 
the test was made, so that its presence was not 
responsible. 


E. d-Amino-acid oxidase, flavin-adenine- 
dinucleotide, and diaphorase 


Although d-amino-acid oxidase is not present in 
brain tissue, which oxidizes only glutamic acid 
among amino-acids, it is of interest (a) as a flavo- 
protein, a class which includes oxygen-sensitive 
(or at least H,O,-sensitive) enzymes (Table 1), and 
(b) because it was stated by Stadie (1943) to be highly 
susceptible to oxygen, when used in the form of 
homogenized tissue suspensions, but very resistant 
when used as tissue slices. 

Our own experiments with homogenized kidney 
tissue were unsatisfactory as evidence of the 
stability or otherwise towards oxygen of this 
enzyme. This was because the rate of loss of activity 


F. DICKENS 








1946 








Table 9. T'riosephosphaie dehydrogenase 





Method: see text. 1 ml. muscle extract, 0-2 ml. uj2 
sodium pyruvate, 0-3 ml. m/2 sodium bicarbonate, 0-7 ml, 
m/5 sodium fluoride, 1 mg. cozymase, and water to make 
the final volume 3 ml. The side-bulb contained 0-3 ml. ¢, 
m/10 hexose diphosphate solution, and the carbon dioxide 
evolution following the addition of this to the main part 
of the vessel was followed manometrically. Temp. 38°, 
Gas-space of manometer vessels contained 5 % (by vol.) 
of carbon dioxide. 









(a) Enzyme preparation not freed from cozymase 









Incu- 
Incu- bated 
bated 3 hr. 
Un- 3hr.in 4-4 atm, 
Pre-treatment ofenzyme treated nitrogen oxygen 
Activity of dehydro- 
genase (ul. CO,/15 min.) 
1. (No NaF added) 445 586 536 
2. (In presence of — 597 572 





NaF) 

Percentage of control in N,, after H.0.P.: 91%, 96% 
respectively. 

(In the second of these experiments, the enzyme solution 
was neutralized to pH 7-4 but not in the first. This probably 
accounts for the apparently slightly higher activity in 
presence of NaF.) 












(b) Enzyme treated with charcoal to remove 
cozymase almost completely 
2-0 g. acetone powder from rabbit skeletal muscle, sus- 
pended in 24 ml. distilled water and dialyzed at 0° against 
distilled water for 24 hr. Volume now 30 ml. The clear 
centrifugate was shaken twice with 1 g. washed charcoal 
(Merck’s Medicinal Ultra-carbon) each time, centrifugation 
being used to remove the charcoal. After neutralizing the 
solution to pH 7:4 with 0-16 ml. n-NaOH, and keeping 
at 0° for 2 days, a protein precipitate formed which carried 
down completely all residual traces of suspended carbon. 
The centrifuged solution (23-5 ml.) was then perfectly 
clear. Other conditions as for (a) above: NaF was present 
in the activity tests. . 
Activity of dehydrogenase (ul. CO,/15 min.) measured 
in presence or absence of added cozymase. 
















Pre-treatment of enzyme: 


Incubated at 
38° for 3 hr. in 





Incubated at 
38° for 3 hr. in 














Kept on ice nitrogen 4-4 atm. oxygen 
8 = Xf — Ye ee 
Cozy- Cozy- Cozy- Cozy- Cozy- Cozy- 
mase mase mase mase mase mase 
absent present absent present absent present 
2-5 41 5 41 3 31 
Inactivation: 0% 24% 






of these preparations was very high, even when 
they were maintained in pure nitrogen. Hence 
comparison with the rate of destruction in oxygen 
was unreliable. After even 30 min. incubation at 
38° in either nitrogen or oxygen the enzyme was 
inactivated, the rate of oxygen uptakes being then 
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almost equal whether alanine was added as sub- 
strate or not. In view of this result, the system 
in homogenized tissue was not further studied. 
Instead, the behaviour of purified enzyme extracts 
was examined. The results (Table 10) showed that 
the enzyme separated from autolytic kidney en- 
zymes is stable in both nitrogen and oxygen. The 


Table 10. d-Amino-acid oxidase 


Preparations: 

(A) Crude extract. This was made from acetone-dried 
pig kidney by the method of Warburg & Christian (1938), 
and consisted of the centrifuged aqueous extract. 

(B) Purified extract. Method of Negelein & Brémel 
(1939) carried as far as their ‘Stage B’. The solution con- 
tained approximately 2-5 mg. protein/ml., and 0-2 ml. 
(c. 0-5 mg. protein) was used for each vessel. Both solutions 
were water-clear. 

Method. The rates of oxygen uptake with dl-alanine as 
substrate were measured at 38° in air, using the Warburg 
apparatus. Each vessel contained the enzyme (0-5 ml. 
prep. ‘A’ or 0-2 ml. ‘B’), 1-0 ml. M/10 pyrophosphate buffer 
of pH 8-3, water to make the total volume 2 ml. 0-2 ml. 
m/10 or m/20 alanine solution was added at the beginning 
of the readings, from the side-bulb of the vessels. 


Results: 

Preparation A. Without added alanine, oxygen uptake 
negligible (1 yl./10 min.). 

Pre-treatment of enzyme solution: 

After 
3 hr. at 
38° in 
4-4 atm. 
oxygen 


After 
Control 3 hr. at 
kept on 38° in 
ice nitrogen 
Enzyme activity 26 23 23 
(ul. O,/10 min.) 
Percentage of ice 
control 
Inactivation due 
to H.O.P. 


2g O/ o/ 
89 % 89 % 


o/ 
0 /0 


Preparation B. Without added alanine, oxygen uptake 
nil. 
Enzyme activity after pre-treatment as above: 
After After 
Control 3hr.at 3 hr. at 38° 
kept on 38° in in 4-4 atm. 
ice nitrogen oxygen 
(ul. O,/10 min.) 55-5 55 55 
(half-quan- 


tity of enzyme 
=27 pl. O,) 


Inactivation Nil Nil 


fairly crude extract was inactivated to the extent 
of 11 % after 3 hr. at 38° either in nitrogen, or in 
oxygen at 4-4 atm. Further purified, it was com- 
pletely stable under the same conditions of exposure 
to H.O.P. or nitrogen. These experiments do not, 
therefore, provide any evidence that this enzyme 
is sensitive to oxygen. Barron (1943) states that 
this is an —SH enzyme. 
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Although brain tissue does not contain this 
enzyme, it does contain the same prosthetic group 
(flavin-adenine-dinucleotide; abbreviated F.A.D.). 
This is the prosthetic group of other important 
flavoproteins present in brain. Consequently, the 
F.A.D. content of brain tissue has been examined 
after exposure to H.O.P. 


Slices of fresh brain cortex were cut as usual. These were 
weighed into phosphate-Ringer’s solution containing glucose 
(2-5 ml. portions) so that each tube of the ‘pressure-pot’ 
apparatus contained one good slice of about 70 mg. moist 
weight. The slices were incubated for various periods in 
either air at 1 atm., or pure oxygen at 3-5 atm. 

At the end of the incubation, the slices, which were quite 
intact, were carefully removed to centrifuge tubes, 1 ml. 
of water was added to each, and the whole heated to 80° 
for 15 min. to liberate the F.a.D. 

The ¥.4.D. content of the liquid after centrifugation was 
estimated by measurement of the oxygen uptake produced 
by addition of 0-4 ml. of the solution to a preparation of 
amino-acid oxidase which had been freed from F.a.D. by 
acid precipitation (cf. Ochoa & Rossiter, 1939). Alanine 
was added as substrate. 

The results are expressed for convenience as pg. of 
F.A.D./g. moist brain tissue. The relative values are correct, 
but the absolute amounts are only approximate, no standard 
preparation of F.4.p. being available. Instead of this, we 
have assumed that, as found by Ochoa & Rossiter (1939), 
an oxygen uptake of 180 yl./30 min. would correspond with 
the presence of 1 ug. ¥.A.D. This assumes that the enzyme 
used was of similar activity to theirs; an assumption at 
least approximately correct. 


The results (Table 11) showed no destruction of 
the prosthetic group under these conditions. 


Flavin-adenine-dinucleotide content 
of brain tissue 


Table 11. 


Pre-treatment of brain slices: 
Air, 1 atm., Oxygen 3-5 atm., 

None 38° for 38° for 
(fresh —— — X 
tissue) 2-25hr. 4hr. 2-25hr. 3 hr. 

Flavin-adenine- 

dinucleotide 
content (ug./g. 


14-1 





oe 
4 hr. 


13-0 13-1 12-3 13-3 12-9 
As a further example of a flavoprotein enzyme, 
that extracted from pig’s heart (Straub, 1939) has 


been studied (diaphorase, coenzyme factor). 


Diaphorase was made from pig’s heart (Straub, 1939). 
The purification was carried as far as the elution from Cy 
alumina. It was a clear yellow solution in phosphate 
buffer, pH 7-4, and was stored at 0°. 

For testing its activity, a dialyzed aqueous extract of 
acetone powder made from rabbit skeletal muscle was used 
(ef. Green et al. 1937; Corran et al. 1939). The rates of oxygen 
uptake produced by the addition of various volumes of 
the diaphorase solution to this test system were found to 
be strictly proportional to the volumes added; hence any 
change of activity in the diaphorase would be clearly 
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revealed by the activity tests. The activity of the diaphorase 
was such that addition of 0-3 ml. caused an oxygen uptake 
of 59 yl./5 min. with the test system. 

The diaphorase was incubated in nitrogen at 1 atm. or 
in oxygen at 4-4 atm. for 2-5 hr. at 38°. Activity tests upon 
these samples and upon the unincubated diaphorase were 
then made. For these tests, each Warburg vessel contained : 
0-3 ml. diaphorase (in the side-bulb), 0-2 ml. M-sodium 
lactate, 0-8 mg. cozymase, 0-4 ml. M-HCN, 0-2 ml. methy- 
lene blue (0-5 % solution), and water to a total volume of 
3 ml. The measurement of oxygen uptake was made in 
air at 38°. 


This flavoprotein was not at all inactivated by 
2-5 hr. exposure to 4-4 atm. of oxygen at 38° 
(Table 12). 


Table 12. Diaphorase (heart flavoprotein, 
‘coenzyme factor’) 


Pre-treatment of enzyme solution: 
Nitrogen, 
2-5 hr. at 38° 
1 atm. 


Oxygen, 
2-5 hr. at 38 
4-4 atm. 
Oxygen uptake rates of test system (ul. O,/5 min.): 
61 61 68 


None 
(kept on ice) 


On the whole, therefore, the evidence presented 
here is against any great oxygen-susceptibility of 
these flavoprotein systems. It is, of course, probable 
that some flavoproteins are oxygen-sensitive (see 
Table 1), and it certainly cannot be maintained 
that a negative result with one particular prepara- 
tion excludes the possibility that other preparations 
of the same enzyme may be inactivated by oxygen. 


F. Catalase 


In the absence of catalase, enzymes such as 
xanthine oxidase which form hydrogen peroxide 
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are either themselves inactivated by H,O, which 
accumulates, or they may inactivate other enzymes 
present, through the same mechanism. If catalase 
were to be destroyed in brain tissue by exposure 
to H.O.P., other brain enzymes might also succumb. 


The estimation of catalase activity was as described by 
Fujita & Kodama (1931). This method gives rather variable 
results. It was especially noticed that after shaking brain 
tissue slices in Ringer’s solution, part of the activity passed 
into the solution. As the activity of catalase in brain tissue 
is very low, while that of blood is high, this was probably 
due to slow washing out of traces of blood remaining in 
the tissue during slicing. The order of accuracy of the 
results is therefore only sufficient to detect a considerable 
inactivation of catalase. 


Test of this point with brain cortex did not 
yield evidence of catalase inactivation. The results 
(Table 13) make it unlikely that destruction of 
catalase, if it occurs, plays any important part 
in the toxic effect of H.o.P. on brain metabolism. 
Exp. iii of Table 13 shows the catalase content 
of the tissue after it has been shaken for 3-5 hr. in 
Ringer’s solution, removed from the solution, and 
the activity of the tissue alone (i.e. without the 
catalase washed into the solution) determined: 
these experiments are marked ‘tissue only’. Com- 
parison of the activity shown in these experiments, 
in air or oxygen at 1 atm., with those of Exp. ii 
under H.0.P. (where the tissue was similarly trans- 
ferred to fresh Ringer’s solution for the measurement 
of catalase activity) show that there is no greater 
fall with H.o.P. than in air or oxygen at | atm. 
More accurate results are unobtainable with brain 
tissue, for the reasons mentioned above. (The 
relevant figures are italicized in Table 13.) 

Stadie (1943) also reports that purified prepara- 
tions of catalase were highly stable to H.0.P. 


Table 13. Catalase content of brain tissue 


During the exposure to oxygen, the slices of rat-brain cortex were suspended in phosphate-Ringer’s solution containing 


glucose. 
Brain no. 


Pre-treatment of brain slices (Qeatalase) 


i None (fresh tissue). Unwashed tissue 73 


ii 3-5 atm. O,: 75 min, 


Ditto 


Tissue only (removed 


from suspension fluid) 


3-5 atm. O,: 150 min. 
3°5 atm. O,: 210 min. 


None. Unwashed 


dupl. 


dupl. 


dupl. 


The same. Shaken 210 min. in air (1 atm.) 
{Soln. + tissue 
(Tissue only 


The same. Shaken 210 min. in O, (1 atm.) 
{Soln. + tissue 
‘Tissue only 
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G. Choline oxidase 


This is an enzyme which is stated to depend for 
its activity on intact sulphydryl groups, and was 
tested because so many other —SH enzymes are 
sensitive to oxygen. 


The preparation of the enzyme was based on the work of 
Mann & Quastel (1937) and Mann, Woodward & Quastel 
(1938). The liver of a rat was homogenized in 0-1 M-phos- 
phate, pH 7-4, and the suspension strained through muslin. 
lml. of extract was equivalent to 0-5g. of fresh liver. 
Portions of the extract were shaken in air, or in 4-4 atm. 
pure oxygen, at 38° for 180 min. The activity of the choline 
oxidase was then estimated by the rate of oxygen uptake 
which occurred on addition of choline. 

For the estimation each vessel contained: enzyme 0-5 ml., 
water to make the total volume 2 ml., and in the side-bulb 
0-2 ml. of a solution containing 4 mg. choline chloride in 
0-1m-phosphate buffer, pH 7-4. Temperature 38°. Gas 
space, air. 


This proved to be another example of an oxygen- 
sensitive —SH enzyme, and was inactivated to the 
extent of 60 % by 3 hr. exposure to 4-4 atm. of 
oxygen (Table 14). 


Table 14. Choline oxidase 


Pre-treatment of 


enzyme 
——— 
Air, Oxygen, 
latm., 44atm., 
3 hr. 3 hr. 
Oxygen uptake {With choline 298 152 
(ul./150 min.) (No choline 54 56 
Increase due to choline 244 96 
Inhibition due to H.0.P. 61% 


(2) NON-OXIDATIVE ENZYMES 


The above enzymes (A-G) are all oxidative in 
character. Two examples only have been studied 
of non-oxidative enzymes—hexokinase and phos- 
phoglucomutase—both of which are believed to be 
of primary importance in carbohydrate metabolism. 
The former, although an —SH enzyme (Dixon, 
1940), was not inhibited by exposure to oxygen; 
the latter was, but only under certain ill-defined 
conditions of purity. 


H. Hexokinase 


This enzyme, prepared according to Meyerhof (1927) and 
Colowick & Kalckar (1941), was obtained from baker’s 
yeast as a white powder, completely soluble in water, of 
which 0-3 mg. was sufficiently active to give vigorous 
phosphorylation of glucose. 

For tests of activity each vessel contained 0-3 mg. of 
hexokinase, 0-5 ml. of m-glucose, 0-1 ml. 1 % MgCl,, 0-8 ml. 
13% NaHCO,, water to make the total volume 3-0 ml. 
The solution of adenosine triphosphate (0-2 ml.) was added 
from the side-bulb at the beginning of the readings; it 
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contained 0-85. mg. of pyrophosphate-P. The gas space of 
the vessels contained nitrogen with 5 % (by vol.) carbon 
dioxide, and the temperature was 38°. The activity curve 
of the hexokinase preparation tested under the same con- 
ditions, showed that 0-5 mg. hexokinase gave maximum 
activity (140 wl. CO, liberated in 20 min.). The basis of 
the manometric method of following the reaction rate is 
the liberation of one extra phosphoric acid group, which 
occurs in the reaction: 
Glucose + adenosine triphosphate = 
glucose-monophosphate + adenosine diphosphate. 

This acidic group liberates 1 mol. CO, from the NaHCO. 

The aqueous hexokinase solution, plus various amounts 
of glucose, was incubated at 38° in nitrogen or oxygen, as 
stated, and afterwards the activity of the enzyme was 
determined as above. The activity remaining after exposure 
is expressed in terms of the weight of original enzyme which 
would be required to show the same activity as that 
observed; the latter being read from the weight-activity 
curve. 


No evidence was obtained that it was inactivated 
by oxygen (Table 15). In the absence of glucose 
the enzyme is inactivated rapidly (Dixon, 1940), 
hence glucose had to be present as stabilizer. It is 
therefore not possible to say what its sensitivity 
to oxygen in absence of glucose might be. 


Table 15. Hexokinase 


0-3 mg. hexokinase 

originally taken. Wt. 

of hexokinase (mg.) 
remaining after 


ae Se ee 
Exp. Glucose Period of N, O. O. 

no. cone. exposure (1 atm.) (1 atm.) (4-4atm.) 
I M/5 0-5 hr. 0-26 0-28 — 
m/100 = 0-22 0-25 — 
M/500 ‘ee 0-17 0-19 _ 
II M/500 « 0-17 0-13 — 
u/1000 am O-15 0-12 --- 
m/5000 a 0-06 0-03 — 
it m/1000 oA O-11 0-05 — 
u/2000 at 0-02 0-05 — 
M/4000 a 0-00 0-00 — 
[IV M/250 i 0-18 0-16 — 
u/500 ed 0-14 0-16 — 
u/1000 uM 0-10 0-11 — 
V M/5 3 hr. 0-25 — 0-24 
M/25 eo 0-19 — 0-20 
u/100 a 0-14 = 0-14 

No glucose added: 

VI 0 5 min. 0-04 0-00 oe 
10 min. 0-00 0-02 - 


I. Phosphoglucomutase 


Evidence suggesting that this enzyme might be 
sensitive to oxygen, even to atmospheric air, was 
presented by Gill & Lehmann (1939) and Lehmann 
(1939). The former authors report one experiment 
in which the Robison ester formation from glycogen 
was 8 % less in air than in vacuo after 1 hr., and 
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16 % less after 2 hr. of enzyme action. This enzyme 
system has since been separated from the crude 
muscle extract, as used by Gill & Lehmann, and 
its action has been cleared up by the work of Cori 
and co-workers. 

It was shown by Cori ef al. (1938) and Gill & 
Lehmann (1939) that phosphoglucomutase is prob- 
ably an —SH enzyme and is highly susceptible 
to the influence of metals. Magnesium, manganese, 
cobalt and nickel greatly accelerate the action, 
while zinc (except in extremely low concentration, 
e.g. 10-7M, when it may be accelerative), copper 
and iron salts are inhibitory. The electrodialyzed 
extract is practically inactive without added metals 
(Cori et al. 1938). Gill & Lehmann (1939) and 
Lehmann (1939) showed that caffeine, oxidized 
glutathione, various oxidizing agents or insulin 
inhibited the action of the enzyme, while reduced 
glutathione, and other reducing agents accelerated 
it. The action of insulin was ascribed by Cori et al. 
(1938) to its zine content, but this is denied by 
Gil & Lehmann (1939), who observed a similar 
inhibition with insulin hydrochloride of very low 
zine content. 

These properties appear to have some relation- 
ship to the effect of some of the substances named 
above on oxygen convulsions, as observed by H. P. 
Marks (1944); hence they have been cited in some 


detail. For our experiments, the purification of the 
enzyme was by the method of Cori et al. (1938); 
followed by removal of other associated enzymes 
according to Colowick & Sutherland (1942). As 
already mentioned the oxygen sensitivity of this 
enzyme is greatly dependent on the method and 
stage of purification. 


Undialyzed extract. One large rabbit was killed, the 
abdominal aorta exposed, and about 600 ml. warm 0-9 % 
NaCl was forced through to remove the blood, via the 
abdominal vein, from the hind limbs. The muscle of both 
hind limbs was excised, placed in ice, and passed twice 
through the ice-cold mincing machine: wt. 370g. This 
mince was ground well with 370 ml. ice-cold distilled water, 
kept at 0° for 2 hr. and the extract expressed through 
cheese-cloth. A second similar extract was combined with 
the first; total volume, Extract A, 805 ml. 

Dialyzed extract. 630ml. of the above extract were 
dialyzed in cellophane sausage-skins at 12° for 5 hr., then 
for 16 hr. at 3° against 51. distilled water. After filtering 
from the precipitated globulins, the filtrate was used 
(Extract B). Inorganic P=4-13 mg./100 ml.; easily hydro- 
lyzable P (5 min. at 100° in n-sulphuric acid) =0-73 mg./ 
100 ml. (cf. Cori et al. 1938). 

Purification of dialyzed extract (cf. Colowick & Sutherland, 
1942). 530 ml. above extract were made 0-4 saturated with 
ammonium sulphate and warmed to 30°. The precipitate 
(phosphorylase) was removed; the clear solution contained 
the phosphoglucomutase together with isomerase. The 
latter was removed by precipitating the mixture with an 
addition of half the previous amount of ammonium sul- 
phate, resuspending the precipitate in veronal buffer at 
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pH 5-2, and heating to 52° for 30 min. The clear colourless 
filtrate was adjusted to pH 7-5, again filtered, and dialyzed 
at about 0° against distilled water for 5 days. The solution 
was concentrated by freezing, to 19 ml. (Extract C). 

In addition, a further precipitate formed only slowly 
(overnight) on the addition of the ammonium sulphate in 
the last stage, just described. This was worked up separately 
as just described (Extract D), but was of lower activity 
than the main extract (Extract C). 

Cori ester. The potassium salt of this ester (glucose-l- 
phosphoric acid) was made from starch with the aid of 
potato juice as described by Hanes (1940). Found: 
‘Apparent inorganic P’=0-16%. 5 min. hydrolyzable 
P=7-96 %. Cale. 0 % and 8-33 % respectively. 

Method of experiment. 5 ml. portions of the aqueous 
solution of the potassium salt of glucose-l-phosphate were 
measured into the vessels, and warmed to 38°. The solution 
contained approx. 1 mg./ml., the exact content being deter- 
mined by phosphorus analyses. 

The enzyme solution was added at the beginning of the 
experiment (0 min.). The experiments at 1 atm. were done 
in Warburg vessels; those at H.0.P. in ‘pressure pots’ 
(see Dickens, 1946). After the desired incubation times, 
the reaction was stopped by the addition of 2 ml. 10% 
trichloroacetic acid. Blanks were run on the enzyme and 
Cori ester alone. Analyses were made of: (a) ‘apparent 
inorganic P’; (b) easily hydrolyzable P (5 min. at 100° in 
n-sulphuric acid). The latter represents the unchanged Cori 
ester. 

A control experiment showed that, without the addition 
of enzyme, the Cori ester was perfectly stable at 38° under 
the conditions of incubation adopted. 


At first, when the crude undialyzed muscle 
extract made according to Cori et al. (1938) was 
used, oxygen had no effect on the activity (Table 16). 
After dialysis, the extract became oxygen sensitive. 
After further purification by the method of Colowick 
& Sutherland (1942), at various stages up to full 
purification by this method, the enzyme was still 
clearly sensitive to oxygen. The sensitivity to 
oxygen reached a maximum in the partially purified, 
freshly prepared enzyme. This was especially true 
of the immediate precipitate which occurred on 
adding ammonium sulphate to the solution freed 
from phosphorylase (Colowick & Sutherland, 1942). 
A portion of this precipitate which came down only 
after standing for some hours, was much less sensi- 
tive to oxygen, and was also of much lower activity. 
On keeping the highly oxygen-sensitive preparation 
in the cold room, it gradually deposited a white 
precipitate containing protein (cf. Cori et al. 1938). 
This was removed by centrifuging, when the super- 
natant clear solution, although still highly active 
as phosphoglucomutase, was no longer sensitive to 
oxygen. These results are collected in Table 16. 
Their general significance has been discussed in the 
Introduction. 

In an attempt to re-sensitize the highly purified 
enzyme to oxygen, many experiments were made 
with metal-activated enzyme, comparing the ac- 
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less 
oa Table 16. Phosphoglucomutase 
ion Undialyzed enzyme (Extract A) 
wly Amount of enzyme used: 0-1 ml./5 ml. Cori ester. 
> in P analyses: mg. P/vessel 
ely a area 
rity ‘ Apparent Easily °% conversion 
inorg. P’ hydrol. P of Cori ester 
e-l- Initial. Enzyme only (0-1 ml.) 0-056 0 
| of Cori ester (5 ml.) 0-026 0-359 
nd: Total 0-082 0-359 
ble Incubated approx. 2 hr. at 38°: 
Exp. I Oxygen 4-4 atm. 0-096 0-121 66 
ous Air 1 atm. 0-094 0-123 66 
- Exp. II Oxygen 1 atm. 0-095 0-083 77 
a Nitrogen 1 atm.* 0-095 0-082 77 
eI: 
Incubated 1 hr. at 38°: 
the Exp. III Oxygen 1 atm. 0-069 0-163 55 
one Nitrogen 1 atm.* 0-066 0-151 58 
rts’ Undialyzed enzyme is practically insensitive to oxygen. 
es, 
) 9%, Dialyzed enzyme (Extract B) 
and Initial. Enzyme only (0-1 ml.) 0-005 0 
ak Cori ester (5 ml.) 0-026 0-359 
> in Total 0-031 0-359 
‘ogi Incubated approx. 2 hr. at 38°: 
Exp. [V Oxygen 4-4 atm. (Freshly made enzyme) 0-025 0-136 62 
ion Air 1 atm. S 0-026 0-140 61 
der Exp. V Oxygen 1 atm. 7 0-025 0-102 71-5 
Nitrogen 1 atm.* a 0-025 0-021 94 
Exp. VI Oxygen 1 atm. (Kept 2 days) 0-03 0-114 68-5 
cle Nitrogen 1] atm.* * 0-03 0-074 80 
vas Exp. VII Oxygen latm. (Kept 5 days) 0-02 0-169 53 
6). Nitrogen 1 atm.* * 0-02 0-134 63 
ve. The freshly prepared dialyzed enzyme is highly susceptible to oxygen; though H.0.P. is no more inhibitory than is air 
ick at 1 atm. In nitrogen, however, the activity is much higher. The enzyme on keeping loses some of this susceptibility to 
ull oxygen, although the effect is still quite evident after 5 days. 
till ; P 
to Enzyme purified by ammonium sulphate, etc. (Extract C) 
ed, Amount of enzyme used: 0-1 ml. of 1 in 10 dilution (=0-01 ml. Extract C). This amount of enzyme contains negligible P. 
aed P analyses: mg. P/vessel 
on — cil — 
ed * Apparent Easily % conversion 
2) inorg. P’ hydrol. P of Cori ester 
ily Initial 0-02 0-359 
si- Incubated for 1 hr. at 38°. Freshly prepared enzyme: 
ty. Exp. VIII Oxygen 1 atm. 0-018 0-242 33 
a Nitrogen 1 atm.* 0-017 0-126 65 
ite Freshly prepared purified enzyme is highly susceptible to oxygen. 
8). incubated for 1 hr. at 38°. Enzyme had been kept 2 days; centrifuged from precipitate: 
- Exp. IX Oxygen 4-4 atm. 0-016 0-249 31 
ve Nitrogen 1 atm.+ 0-018 0-229 36 
to Exp. X Oxygen 1 atm. 0-02 0-239 33 
6. Nitrogen 1 atm. (triplicate) 0-02 0-220* 39 
he 0-02 0-226t 37 
0-02 0-2477 31 
ed Now almost completely insensitive to oxygen again. 
de * Nitrogen purified by hydrosulphite and ‘silver-salt’. + Unpurified cylinder nitrogen. 


Me { Nitrogen purified by alkaline pyrogallol. 
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tivities in oxygen and nitrogen. Although the 
accelerating effects of traces of metals (manganese, 
cobait, magnesium) and the inhibitory effects of 
other metals (copper, zinc) were fully confirmed, 
the presence of these metals did not alone bring 
back the oxygen-sensitivity to the enzyme prepara- 
tion. The evidence makes it probable that the 
protein precipitate, mentioned above, which was 
formed on keeping the phosphoglutomutase in the 
cold room, was concerned in the sensitization to 
oxygen. It is of interest to note that Cori eé al. 
(1938) observed that a similar kind of precipitate, 
added together with magnesium ions, greatly in- 
creased the catalytic ‘of these ions on enzyme 
activity. Heating to 70° caused this precipitate to 
lose this co-activating action, and Cori et al. (1938) 
consider that the precipitate contained ‘an unknown 
component’ of the complete enzyme system. From 
our results it appears likely that this, or a similar, 
component may be needed to sensitize phospho- 
glucomutase to oxygen. Possibly such a component 
may play an important part in the behaviour 
towards oxygen of other enzymes: it may very 
well be itself an —SH protein. 


DISCUSSION 


The evidence collected shows that at least five of 
the enzymes believed to be concerned in the carbo- 
hydrate metabolism of brain tissue are capable of 
being inhibited by oxygen. These are: (1) phospho- 
glucomutase, (2) fructose-6-phosphate phosphory- 
lase, (3) triosephosphate dehydrogenase, (4) succinic 
dehydrogenase, (5) pyruvic oxidase. In addition 
cytochrome oxidase may suffer slight damage after 
long exposure to oxygen. Zymohexase of yeast 
may be oxygen sensitive (Warburg & Christian, 
1942), but the same enzyme from animal tissues is 
more stable (cf. Table 1).* 

In the present paper, and the preceding one 
(Dickens, 1946), the oxygen sensitivity of enzymes, 
1, 3, 4 and 5 has been demonstrated by their 
inhibition by molecular oxygen. That of enzyme 2 
(phosphohexokinase), which was not investigated 
here, is presumed from the work of Engelhardt & 
Sakov (1943), available only in abstract form; it is 
not clear from the abstract whether this inactivation 
occurs only under artificial conditions, viz. by 
reason of the quinone formed from added polyphenol 
by succinoxidase preparations, in which case it 
would resemble the inactivation of urease and suc- 


* Preliminary reports (Colowick & Price, 1945a, 1945b) 
indicate that in muscle extracts dihydrocozymase and 
guanine may be essential coenzymes for the phosphorylation 
of glucose or fructose-6-phosphate. Although with yeast 
hexokinase no sensitivity to oxygen was observed in the 
present work, these new muscle systems involving dihydro- 
cozymase would be expected to be oxygen-sensitive. 
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cinoxidase by quinones, already much studied (e.g, 
Quastel, 1933; Potter, 1942). The statement of 
Engelhardt & Sakov that phosphoglucomutase is 
unaffected by oxidizing agents is understandable 
in view of the great difference in oxygen sensitivity 
of different preparations of this enzyme described 
above. 

Of these five enzymes, four at least are considered 
to rely upon intact sulphydryl groups within the 
enzyme for their activity (enzyme 1, Gill & Leh- 
mann, 1939; Lehmann, 1939: enzyme 3, Rapkine, 
1938; Rapkine & Trpinac, 1939: enzyme 4, Hopkins 
& Morgan, 1938; Hopkins, Morgan & Lutwak-Mann, 
1938; Morgan & Friedmann, 1938: enzyme 5, 
Barron, 1936; Peters, 1940; Barron & Singer, 1943, 
1945). The —SH nature of enzyme 2, phospho- 
hexokinase, is made highly probable by the work 
of Engelhardt & Sakov (1943). Taken in conjunction 
with the evidence of poisoning by oxygen of these 
enzymes, these observations make clear a fairly 
general connexion between the oxygen poisoning 
and the —SH nature of the enzymes involved in 
carbohydrate metabolism. This agrees with the 
known oxygen-sensitivity of some other —SH 
enzymes not concerned in carbohydrate metabolism 
(ef. Table 1). 

Of these five enzymes, the pyruvate oxidase and 
the succinic oxidase systems are believed to require 
in addition to the —SH component a flavoprotein. 
Evidence of the presence of a flavoprotein in 
alkali-inactivated succinoxidase has been provided 
by Straub (1941), but apparently this flavoprotein 
is not concerned in succinate metabolism directly, 
since Straub considered that it did not react with 
succinic dehydrogenase, but had a direct connexion 
with the oxidizing system, i.e. it was presumably 
a cytochrome c reductase capable of transporting 
hydrogen atoms from reduced cozymase. Potter 
& Albaum (1943) discuss the possibility that in- 
activation of such a flavoprotein might indirectly 
inhibit the succinic oxidase system. However this 
may be, it does not seem likely from Straub’s 
experiments that the flavoprotein could be very 
labile, since it withstood an hour’s exposure to 
pH 9, the conditions used to inactivate the dehydro- 
genase. So little is known, however, of the properties 
of the flavoprotein component of succinoxidase that 
there remains a possibility that it might be oxygen- 
sensitive, although experimental evidence of this is 
lacking. There is a similar ignorance about the 
stability to oxygen of the flavoprotein component 
of the pyruvate oxidase system. 

The evidence obtained in the present work with 
other flavoproteins (diaphorase, d-amino-acid oxi- 
dase) and with flavine-adenine-dinucleotide of brain, 
has not demonstrated any sensitivity to oxygen of 
these substances. On the whole there is, as yet, 
very little positive evidence which would involve 
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the flavoproteins in the oxygen poisoning of animal 
tissues. 

The evidence involving the —SH enzymes, on 
the contrary, is quite strong. In addition to the 
known oxygen-sensitivity, further support is de- 
rived from consideration of the mode of protection 
against oxygen-poisoning by metals, inhibitors, and 
prosthetic groups. 

The succinate system, though not that mainly 
affected by oxygen in animal tissues (Mann & 
Quastel, 1946; Dickens, 1946), is nevertheless the 
clearest example for discussion, because the funda- 
mental work of Hopkins & Morgan (1938) and 
Hopkins e¢ al. (1938) has made it the best under- 
stood. Besides revealing for the first time the 
essential —SH nature of the dehydrogenase, these 
authors showed that the oxidative inactivation of 
the enzyme by oxidized glutathione was prevented 
by malonate and, rather less effectively, by pyro- 
phosphate. These reagents did not, however, prevent 
the reactivation of the inhibited (oxidized) form 
of the enzyme. It is usually considered (Leloir 
& Dixon, 1937) that these two inhibitors attach 
themselves to the active centres normally occupied 
by the substrate, which would account for the 
specificity of their action; Krebs (1943) however 
has stated that pyrophosphate, unlike malonate, 
does not cause any accumulation of succinate in 
metabolizing tissue, suggesting that these two 
poisons may have qualitatively different affinities. 
Adler, Euler, Giinther & Plass (1939) consider, but 
reject, the possibility that pyrophosphate may 
poison an essential metal component (manganese 
or magnesium) of succinoxidase. 

As regards the inactivation of succinic dehydro- 
genase by oxygen, the experiments described here, 
like those obtained independently by Stadie (1943), 
show clearly that the presence of malonate during 
the exposure to oxygen protects this enzyme, just 
as it is protected by malonate against inactivation 
by exposure to oxidized glutathione (Hopkins & 
Morgan, 1938) or benzoquinone (Potter & DuBois, 
1943), and it is presumed that the same mechanism 
is involved. (In a single experiment, however, we 
observed no protection of heart muscle succinoxi- 
dase against high-pressure oxygen by pyrophos- 
phate ; thisshould be repeated as, if it were confirmed, 
it might indicate a different mechanism of com- 
bination of pyrophosphate from that of malonate.) 

It is not yet possible to give more than a general 
picture of the manner of malonate protection. 
Malonate appears not to react with —SH groups, 
and it is necessary to assume that the latter are 
‘shielded’ by the steric effects of the malonate 
molecules which are supposedly adsorbed at closely 
adjacent positions on the surface of the enzyme 
(ef. Potter & Du Bois, 1943), chemically perhaps 
not a very satisfying explanation. Nor is it known 
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how the —SH group partakes in the activity of the 
enzyme; not by alternate oxidation and reduction, 
apparently, since the inactive form of the enzyme is 
not more readily reactivated in presence of succi- 
nate, rather the reverse (Hopkins e¢ al. 1938; see, 
however, Potter & Du Bois, 1943). 

It seems desirable to consider how the presence 
of an activating metal in the succinic dehydrogenase 
system would affect the interpretation of these 
results, though it is not suggested that the evidence 
available is sufficient to justify such an assumption. 
The fact, however, that the activity of the dehydro- 
genase is protected from inactivation by oxygen 
in presence of traces of manganese makes the par- 
ticipation of an activating metal at least a possi- 
bility. This metal need not be manganese; alu- 
minium, for example, has also been considered to 
protect this enzyme against reagents which combine 
with —SH groups (Schneider & Potter, 1943). 
Chromium and rare earth metals also activate 
succinic oxidase, purified preparations of which con- 
tain aluminium and chromium (Horecker, Stotz & 
Hogness, 1939). The observations of Massart (1939) 
are quite inadequate to support his claim that 
manganese is a component. We have shown, how- 
ever (Dickens, 1946; and present work) that cobalt, 
an activator of bacterial pyruvic oxidase, protects 
animal pyruvic oxidase against oxygen poisoning, 
while the whole glucose-oxidizing system of brain 
is similarly protected by magnesium, manganese 
or cobalt. Consequently much more extensive 
experiments than those recorded in this paper, 
which were designed with quite a different end in 
view, are highly desirable to see if further evidence 
of a metal component of the succinic system can 
be obtained. Such a metal could be a link between 
the —SH groups and the substrate (cf. Hellerman, 
1937) or iahibitor, which would offer a possible 
explanation of the effect of inhibitors in holding 
the enzyme in the reduced form and thus ‘ing 
it against oxidants, while they do not prev. ‘he 
reduction of the S-S form of the enzyme. There are 
difficulties in the way of this theory, such as the 
problem of what happens to the metal when the 
enzyme is in the oxidized form, but nevertheless 
it appears to merit some consideration. 

It is necessary to point out that malonate does 
not exert its protective influence by virtue of the 
inhibition of enzyme activity which it produces. 
Activators can also protect this and other —SH 
enzymes, as we have seen. Similarly, it has been 
shown above that cozymase protects its enzyme, 
triosephosphate dehydrogenase, against inactiva- 
tion by oxygen, and Rapkine (1938) and Rapkine 
& Trpinac (1939) showed a similar protection against 
the usual chemical oxidants. The metals which pro- 
tect pyruvic oxidase have already been discussed. 
The protection of apoenzymes by their prosthetic 
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groups or substrates is a commonplace of enzyme 
chemistry. All these substances have one feature 
in common; they are specifically adsorbed at (or 
possibly adjacent to) the active centres of the 
dehydrogenases which they protect. Not every such 
substance, however, is necessarily protective. Zymo- 
hexase of yeast forms ‘salts’ with cobalt and iron 
which, in presence of cysteine, are reversibly in- 
activated by molecular oxygen, but the zinc com- 
pound of the same enzyme is not inactivated by 
oxygen (Warburg & Christian, 1942, 1943). Conse- 
quently the nature of the activating metal and its 
mode of combination, as well as the firmness with 
which it is bound, and the nature of the —SH 
‘contaminants’, determine whether the enzyme is 
sensitive to oxygen or not. The great complexity 
introduced by these factors in studies of enzyme 
inactivation by oxygen is evident. They may explain 
the many confusing differences in the stability to 
oxygen of various preparations of the same enzyme, 
which have been repeatedly seen during the course 
of the present work and also by many other ob- 
servers. 
SUMMARY 

1. A list has been compiled of enzymes known 
or considered to be oxygen-sensitive. 

2. Suceinic oxidase is inhibited by exposure to 
high oxygen tensions. The dehydrogenase, the most 
sensitive component, is apparently irreversibly 
poisoned. Longer exposure may also somewhat 
weaken the cytochrome oxidase. Evidence is pre- 
sented that probably only a minor part of the 
poisoning could be accounted for by accumula- 
tion of oxaloacetate in oxygen. Malonate (10-*m) 
or manganese ions (2-5x 10-!m) protect the de- 
hydrogenase against poisoning by oxygen. 
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